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Preface

Researchers in software visualization develop and investigate methods and use
of computer-graphical representations of different aspects of software such as
its static structure, its concrete or abstract execution as well as its design and
evolution.

Since Goldstein’s and von Neumann’s demonstration of the usefulness of
flowcharts in 1947 visual representations have played an important role in un-
derstanding and designing programs. Software visualization is done in many
areas of computer science, but often not realized as a field of its own. As a result
papers are published at conferences and workshops of these areas reinventing
the wheel over and over again.

The planning for this book started at the Dagstuhl Seminar on Software
Visualization during May 2001. The goal of this seminar was to bring together
practitioners and researchers working in the area of software visualization as
well as those working in related areas including database visualization, graph
drawing, and visual programming. Discussions and presentations at the seminar
were not restricted to theoretical foundations and technical applications. They
also addressed psychological and educational aspects.

The intent of this book is to present the state of the art in software visualiza-
tion. To this aim it contains introductory papers and original work. More than
60 authors contributed to this volume. It is divided into five chapters:

– algorithm animation,
– software visualization and software engineering,
– software visualization and education,
– graphs in software visualization,
– and perspectives of software visualization.

Each chapter starts with an introduction surveying previous and current work
and providing extensive bibliographies.

Eventually we hope that this volume will foster software visualization and
its impact on the way we teach, learn, and design programs.

The editor would like to gratefully acknowledge the support provided by the
authors, Springer-Verlag, and the Dagstuhl staff during the seminar and the
making of this volume.

December 2001 Stephan Diehl



VI Preface

Foreword by the Organizers

The International Dagstuhl Seminar on Software Visualization was held in May
2001 at the International Research and Conference Center for Computer Science
in Schloss Dagstuhl, Germany. Dagstuhl seminars are one-week meetings which
bring together the most significant researchers on important topics in computer
science. Participation is by invitation only.

It is often said that humans have never before created any artifacts which
are as complex as today’s software systems. As a result creating, maintaining,
understanding, and teaching software is a challenging task. Software is neither
matter nor energy, it is just a kind of information. Sometimes the representation
and the information itself are confused. Software visualization is concerned with
visually representing different aspects of software including its structure, execu-
tion, and evolution. So far, research on software visualization has mostly been
motivated by its potential to support teaching. Many systems have been develo-
ped to facilitate the production of algorithm animations. At Dagstuhl software
engineers and re-engineers have repeatedly argued that there is a strong need
for software visualization in their areas. Here further research includes the use of
techniques from information visualization to display software metrics, graph lay-
out and graph animations to show the structure and changes in software systems,
and program animation for debugging. At the seminar more than 50 researchers
from all around the world discussed the state of the art as well as challenging
questions for the future of software visualization. The program included 38 pre-
sentations and 15 system demonstrations, as well as several sessions for group
discussions. Participants of the seminar volunteered

– to compile a post seminar proceedings, which is to be published as a Springer
LNCS state-of-the-art survey,

– to create a repository with algorithm animations, and software visualization
tools

– to initiate an international conference series on software visualization.

We feel that the seminar was a seminal event. The future will tell whether it
reached its ambitious goals to form a community and raise awareness of software
visualization as a challenging and important research field of its own.

December 2001 Stephan Diehl
Peter Eades
John Stasko
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Chapter 1
Algorithm Animation

Introduction

Andreas Kerren1 and John T. Stasko2

1 FR 6.2 Informatik,
Saarland University,
PO Box 15 11 50, D-66041 Saarbrücken, Germany.
kerren@cs.uni-sb.de,
http://www.cs.uni-sb.de/˜kerren/

2 College of Computing / GVU Center,
Georgia Institute of Technology,
Atlanta, GA 30332-0280, USA.
stasko@cc.gatech.edu,
http://www.cc.gatech.edu/˜john.stasko/

An algorithm animation (AA) visualizes the behavior of an algorithm by pro-
ducing an abstraction of both the data and the operations of the algorithm.
Initially it maps the current state of the algorithm into an image, which then
is animated based on the operations between two succeeding states in the algo-
rithm execution. Animating an algorithm allows for better understanding of the
inner workings of the algorithm, furthermore it makes apparent its deficiencies
and advantages thus allowing for further optimization.

Price, Baecker and Small [63] distinguish between algorithm animation and
program animation. The first term refers to a dynamic visualization of the higher-
level descriptions of software (algorithms) that are later implemented in software.
The second term refers to the use of dynamic visualization techniques to enhance
human understanding of the actual implementation of programs or data struc-
tures. Price, Baecker, and Small define both areas of study to collectively be
a part of Software Visualization (SV). Here in this introduction we loosen this
distinction, i.e., the discussed systems can be subsumed by the terms algorithm
and program animation.

Two extensive anthologies about software visualization were published in
1996 and 1998 [33,78]. Both provide overviews of the field. The latter one also
contains revised versions of some seminal papers on classical algorithm animation
systems as well as educational and design topics. Other published articles provide
summaries of different aspects of algorithm animation in particular, including
taxonomies [10], the use of abstraction [22], and user interface issues [39]. In this

S. Diehl (Ed.): Software Visualization, LNCS 2269, pp. 1–15, 2002.
c© Springer-Verlag Berlin Heidelberg 2002
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introduction we first provide a short summary of the historical development of
software visualization, especially algorithm and program visualization. In this
context we concentrate on systems that introduced new concepts.

Next, we survey some newer systems on the basis of four concepts or dimen-
sions: specification technique, visualization technique, language paradigm, and
domain specific animations. Because these systems have been developed more
recently, they usually were not discussed in the aforementioned anthologies. Due
to space limitations, however, the following sections only describe some repre-
sentative systems, with a particular focus on systems that are presented in the
seven papers of this chapter.

1 Classical Systems and Concepts

Knowlton’s movie [47] about list processing using the programming language L6
was one of the first experiments to visualize program behavior with the help of
animation techniques. Other early efforts often focused on aiding teaching [1,44]
including the classic “Sorting Out Sorting” [3,2] that described nine different
sorting algorithms and illustrated their respective running times.

Experiences with algorithm animations made by hand and the wide distri-
bution of personal computers with advanced graphical displays in the 1980’s
led to the development of algorithm animation systems. The well known system
Balsa [19,8] introduced the concept of Interesting Events (IE’s) and with it the
binding of several views to the same state. In this approach the key points of
the program are annotated with IE’s by the visualizer (the person who speci-
fies the visualization). When those IE’s are reached during execution, an event,
parameterized with information about the current program state, is sent to the
views. The successor Balsa II [9] was extended with step and break points and
a number of other features. In Zeus [11], Cat [14], and the later Java based
system Jcat [18] the views were distributed on several workstations.

The system Tango [72] implemented the path-transition paradigm [73,77]
that permitted smooth and concurrent animations of state transitions. In its
successor Polka [79], these properties were revised to facilitate easier design of
concurrent animation actions. As a front-end of Polka, an interactive anima-
tion interpreter called Samba [75] (including the later Java based Jsamba) was
developed. Samba consisted of a number of parameterized ASCII commands
that performed different animation actions. Thus, programs written in any pro-
gramming language could be animated simply by having them output Samba
commands at interesting event points.

The system Pavane [67] was noteworthy in exploring a declarative animation
paradigm in which program states were mapped to visualization states. The
animation designer simply created this mapping initially, then the program ran
and the appropriate mappings were maintained.

A number of other noteworthy algorithm visualization systems and tools
have been developed over the years. Some of the earlier efforts include systems in
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Smalltalk [52,32], theAladdin system [45,42], theMovie system [6], animations
for algorithms textbooks [37,38], and the Gaigs system [56].

Recently, a number of new systems have been introduced. Many of these
newer systems were presented at workshops and conferences, including the GI
workshop SV’2000 [27], the First International Program Visualization Workshop
2000 [82] and the Dagstuhl Seminar on Software Visualization 2001 [28]. In the
next four sections, we briefly describe a few of the newer systems, as well as note-
worthy earlier systems, with respect to four important dimensions: specification
technique, visualization technique, language paradigm, and domain-specificity.

2 Specification Technique

An important practical task in creating algorithm visualizations is to specify how
the visualization is connected or applied to the algorithm. SV researchers have
developed a number of approaches to this problem. In this section we will ex-
amine some of the different approaches and the systems that use the approaches.
Note that some of the systems could be classified in several categories.

2.1 Event Driven

The interesting event approach was pioneered by Balsa [19,8] and has been used
in many algorithm animation systems including its successor Zeus [11]. As men-
tioned above, the visualizer identifies key points in the program and annotates
these with IE’s. Whenever an IE is reached during execution, a parameterized
event is dispatched to the views.

The event-based framework Ganimal [31] offers some new features like al-
ternative interesting events, alternative code blocks, mixing of post-mortem and
live/online algorithm animation, visualization control of loops and recursion,
etc. Annotations are provided by the Ganila language, which are compiled into
Java. The generated code allows the association of meta-information (settings)
with each program point of the algorithm. Consequently a graphical user inter-
face can be used to change these settings at runtime of the animation.

The Animal system [69,68] also utilizes an event-based approach and provi-
des a number of advanced features for animation presentation including dynamic
flexibility of animation mappings, reverse execution, internationalization of ani-
mation content, and flexible import and export capabilities.

2.2 State Driven

An alternative approach is to specify a mapping between program and visualiza-
tion states, usually constructed by the visualizer before program execution. As
discussed above, the Pavane system was an early adopter of this technique [66,
65]. The declarative approach is also utilized by some newer systems. Leonardo
[23,24] is an integrated environment for developing, executing and animating C
programs. Visualizations are specified by adding declarations written in Alpha,
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a declarative language, to the C program. Leonardo also supports full reversi-
ble execution by using a specialized virtual machine that executes the compiled
C program.
Daphnis is an algorithm animation system based on the use of data flow

tracing. Some aspects of abstraction in the visualization are produced fully au-
tomatically, but to prepare an animation, it is necessary to supply an external
configuration script that specifies the graphical representation and rules of trans-
lation for all the variables to be visualized. To achieve spatial or temporal sup-
pression of unimportant information, a special kind of the Petri net formalism
is applied to describe the process of algorithm execution. The Daphnis system
as well as its theoretical model are discussed further in this chapter [36].

Demetrescu, Finocchi, and Stasko provide a direct comparison of both the
interesting event and state mapping approaches in this chapter [25], identifying
some scenarios where one might be preferable to the other.

2.3 Visual Programming

Another technique for specifying algorithm animations is the use of visual pro-
gramming techniques. Visual programming (VP) seeks to make programs easier
to specify by using a visual notation for the actual program commands and sta-
tements. As a whole, VP is considered to be distinct from SV [63], but such a
graphical notation itself is a kind of statical code/data visualization.

One well-known project to embed animation capabilities into a visual pro-
gramming language (VPL) is the declarative VPL Forms/3 [20] in which anima-
tion is done by maintaining a network of one-way constraints. The developers of
this language integrated an extension of the path-transition paradigm into their
language, resulting in a unique approach to algorithm animation, e.g. a seamless
integration of algorithm animation into the language and on-the-fly exploratory
programming of an algorithm animation.

An area related to VP is programming by demonstration (PbD). In PbD,
a person demonstrates an example or an operation of a task, and the PbD-
system infers a program for this task. Dance [71,76] is a PbD-interface to the
Tango system. After the user demonstrates an animation scenario in a direct
manipulation style graphical editor, the Dance system generates ASCII code
that specifies the animation. This code is then used as input to Tango.

2.4 Automatic Animation

Perhaps the simplest way to specify an animation, at least for the algorithm de-
veloper, is to have the animation automatically generated. Total, automatic crea-
tion of algorithm animations is extremely difficult however [10], so systems have
provided differing levels of automation to specify algorithm animation. Because
automated animation creation requires little or no effort on the programmer’s
part, this approach is very well-suited to debugging [54].

An early system in this area, Uwpi [43], provided automatic animation by
using a small expert system that chose the visualization for the data structures
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and operations of an algorithm by attempting to infer the abstract data types
used in the program. The system could display abstractions of higher-level data
structures, even though it did not truly “understand” them.
Jeliot is a family of program animation environments some of which support

the semi-automated paradigm by allowing users to define the visual semantics of
program structures or to select the most adequate ones. One system was exclu-
sively developed for novice programmers. It supports fully automatic animation,
and does not allow any customization of the animation. Ben-Ari, Myller, Sutinen,
and Tarhio give an overview of the Jeliot family and discuss some empirical
evaluations of some of the systems in this chapter [5].

Another technique that fits this category is the use of special pseudo-code
languages in which programmers implement their code, and then the animation
is automatically produced. Algorithma 99 [21] is such an example system.

3 Visualization Technique

One of the most important tasks in SV is the design of the graphical appearance
of a visualization or animation. The display design must address a number of
different issues, e.g., what information should be presented, how should this be
done, should there be a focus on the important elements, and so on. Brown and
Hershberger give a good overview of fundamental techniques on this topic [12].
In this introduction we discuss three aspects of visualizing algorithms that have
received much attention lately: 3D Algorithm Animation, Auralization, and Web
Deployment.

3.1 3D Algorithm Animation

There may be several reasons for integrating 3D graphics into an algorithm
animation system. The third dimension can be used for capturing time (hi-
story), uniting multiple views, and displaying additional information [16]. Both
the systems Polka [81] and Zeus [15] were extended with 3D graphics ver-
sions. Brown and Najork further integrated their earlier work on the platform-
dependent Zeus3D into the Jcat system. With the resulting Java-based system,
3D animations could be run in any standard web browser [17,55]. The 3D ani-
mations were implemented using the object-oriented, scene-graph based graphics
library Java3D (plugin). In the Gasp system, Tal and Dobkin explored 3D ani-
mations of computational geometry algorithms also [83]. They created a library
of geometric data types including operations that were furnished with animation
instructions.

3.2 Auralization

In SV, audio can be used to reinforce and replace visual cues, to convey pat-
terns, to identify important events in a stream of data, and to signal exceptional
conditions [13]. Recently the mapping of information to musical sound using
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parameters such as rhythm, harmony, melody or special leitmotifs has been stu-
died.
Caitlin [85] is a preprocessor for Pascal which allows a user to specify an

auralization for each type of program construct (e.g. a FOR statement) on the
basis of a hierarchical leitmotif design. Caitlin does not allow auralization of
data, however. Empirical studies [86] of this system show that novice program-
mers could interpret the musical auralizations, that musical knowledge had no
significant effect on performance, and that, in certain circumstances, musical
auralizations can be used to help locate bugs in programs.

The musical data sonification toolkit Muse [51] provides flexible data map-
pings to musical sounds. The data can come from any scientific source. It is
written for the SGI platform and supports different mapping types of data to
sound, like timbre, rhythm, tempo, volume, pitch and harmony.

A similiar system is Faust [88], a framework for algorithm understanding
and sonification testing. It allows simple mappings of algorithm events to sound
parameters and requires programmers to manually tag events in their algorithms.
Furthermore, the interested programmer can easily change sound synthesis al-
gorithms and add new features and attributes to these algorithms.

3.3 Web Deployment

With the growing use of the World Wide Web as a generic application and dis-
play platform, a number of recent algorithm animation systems have focused on
delivery of animations over the Web. The JSamba and JCat systems mentio-
ned earlier are two examples. Other systems presenting animations over the Web
include JHave [57], the Sort Animator [26], Jeliot [41], and Jawaa [62].

4 Language Paradigm

Different language paradigms may need different abstractions and entities to be
visualized, due to their unique styles of computation and methods for problem
solving. The survey by Oudshoorn, Widjaja, and Ellershaw [59] analyses the
visualization requirements for a variety of programming paradigms and gives a
simple taxonomy of program visualization. In the following section we consider
the most important language paradigms and illuminate some example systems.

4.1 Imperative Programming Languages

The imperative paradigm is based on the procedural approach to solve pro-
blems. From this point of view, the developer of an algorithm animation has to
find abstractions of variables, data structures, procedures/functions and control
structures. The Balsa system [9] exemplifies this paradigm.
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4.2 Functional Programming Languages

The most significant abstractions for functional languages are functions and data
structures. A textual browser to view the trace of the evaluation of a lazy func-
tional language is discussed in [87]. The system facilitates navigating over a trace
and it can be used as a debugging tool or as a pedagogical aid in understanding
how lazy evaluation works.

The Kiel System [7] is an interactively controlled computer system for the
execution of first-order functional programs written in a simple subset of Stan-
dard ML. In contrast to the prior discussed system, it offers ways to visualize
the evaluation process.

A formal model of traversing graphical traces of lazy functional programs is
introduced by Foubister [35]. This model provides the visual representation of
graph reduction by template instantiation, and solves some problems in display-
ing the reduction, e.g., the large size of the graphs or their planarity.

4.3 Object-Oriented Programming Languages

The object-oriented paradigm has much in common with the imperative lan-
guage paradigm. As a consequence, visualizations of object-oriented programs
typically consider abstractions of objects, including inter-object communication,
in addition to the above-mentioned abstractions for imperative languages.

One of the papers in the following chapter [58] deals with solutions for the
endemic problem of aliasing within object-oriented programs, i.e., a particular
object can be referred to by any number of other objects via its reference. This
fact may be unknown to the algorithm animation system and can cause problems
for animations. The paper discusses analysis of the program to determine the
extent of aliasing as well as a visualization of ownership trees of objects in Java
programs.
Scene [48] automatically produces scenario diagrams (event trace diagrams)

for existing object-oriented systems. This tool does not provide visualization of
the message flow in an object-oriented program, but by means of an active text
framework it allows the user to browse several kinds of associated documents,
such as source code, class interfaces or diagrams, and call matrices.

4.4 Logical Programming Languages

In logic programs, the interesting abstractions are clauses and unification. One
of the classic systems for visualizing logic programs is the Transparent Prolog
Machine Tpm [34]. It uses an AND/OR tree model of the search space and the
execution of the logic program is shown as a DFS search. Another system for
presenting logic programs was discussed by Senay and Lazzeri [70].

5 Domain Specific Animations

The search for adequate abstractions of the specific properties of a particular do-
main, e.g., realtime algorithms, can be a challenge when animating algorithms in
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such a focused domain. To find such abstractions, knowledge regarding the types
of objects and operations that are dominant in the special domain is necessary.
Often, general algorithm animation systems can be used to build domain-specific
animations, but the effort can be extensive and much more involved than that
required for a more narrowly-focused system.

Tal presents a conceptual model for developing algorithm animation systems
for constraint domains in this chapter [84]. She illuminates the practical imple-
mentation of this model on the basis of a few example systems, e.g., the Gasp
system, mentioned earlier.

5.1 Computational Geometry

In computational geometry, the task of finding abstractions of the data can be
relatively easy if the program data contains positional information. Hence, it can
be displayed without complicated transformation.

A generic tool for the interactive visualization of geometric algorithms is
GeoWin discussed by Bäsken and Näher in this chapter [4]. It is a C++ data
type which can be interfaced with algorithmic software libraries such as LEDA.

The Evega system [46] is a Java-based visualization environment for graph
algorithms and offers a set of features to create and edit graphs, to display
visualizations and to perform comparisons of different algorithms. Furthermore,
it supports a relatively straightforward implementation of new algorithms by
class extension.

5.2 Concurrent Programs

The animation of concurrent programs, which are typically very complex and
large, must address a number of problems with regard to data collection, data
display and program execution. Some problems encountered are inherently vi-
sual, e.g., a cycle in a resource allocation graph corresponds to a deadlock situa-
tion. Other problems can be a non-deterministic occurrence of a bug in program
execution, which requires a clever visualization of the concurrent program. For
an overview of systems for visualizing concurrent programs, see [49].

The event-based Parade environment [74] supports the design and imple-
mentation of animations of parallel and distributed programs. Interesting events
may be received via program calls, through pipes or read from a file, similar to
the aforementioned Samba interpreter. A particular component of the system
gathers the events for each processor or process and allows the user to manipu-
late the order of these events, e.g. chronologically or logically [50]. The Polka
animation system is used in Parade to build the graphical views.
Vade [53] is a client-server based system for visualizing algorithms in a distri-

buted environment. It provides libraries that facilitate the automatic generation
of visualizations, and supports web page creation for the final animation. Furt-
hermore, Vade offers synchronization methods that maintain consistency.
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5.3 Real-Time Animation

Some domains, such as network protocols, need to represent exact timing rela-
tionships in the underlying program or algorithm. Polka-Rc [80] is an exten-
sion of Polka with features for real-time animation, i.e., animation actions of
precise timings, initiations and durations. It also provides a flexible multipro-
cess mapping between program and visualization. More precisely in Polka-Rc
the program and its animation run as separate processes and communicate via
sockets.

The Jotsa system [64] is a Java package for performing interactive web-
based algorithm animations (especially for network protocols). It supports exact
time animation, multiple independent synchronized views, panning, zooming and
linking of collections of objects. In addition it has facilities for animation of user-
defined event-driven and timer-driven simulations of network protocols.

5.4 Computational Models

Another domain of interest to algorithm animators is the animation of compu-
tational models of formal languages, sets, relations, and functions. These models
are typically for mathematical reasoning, not for programming of real hardware
and real applications.
Jflap [40] is a tool for creating and simulating several kinds of automata, i.e.

finite automata, pushdown automata and Turing machines, and for converting
representations of languages from one form to another. Jflap is written in Java
and has been used both in and outside of the classroom.

Diehl and Kerren [29] discuss how generation of visualizations of compu-
tational models and the visualization of the generation process itself increase
exploration. Four approaches of increased exploration in formal language theory
and compiler design are introduced and each approach is exemplified by an im-
plemented system. As an example of such a system, the authors characterize
GaniFa [30], a Java applet for the visual generation and animated simulation
of finite automata.

5.5 Animation of Proofs

A relatively unexplored area is the visualization of proofs in theoretical computer
science education. An example is Scapa [60,61] a system for the animation of
structured calculational proofs. This system generates both an HTML document
(with the help of a converter) and a Java file from a proof written in LATEX. The
visualizer has to extend and modify these files. The proof animation is finally
created by using an extended version of the Lambada tool, which is a Java-based
reimplementation of Samba.

6 Conclusion

Much progress has been made in the field of Algorithm Animation since the first
films motivating the field, such as Sorting Out Sorting, were made. In this chapter
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introduction, we have highlighted a number of the landmark systems that have
been developed in the area, plus we have surveyed some new developments. A
brief introduction like this, however, is in no way a comprehensive overview of
the field. We encourage the reader to use this introduction and the articles in
this chapter as a starting point for exploring other research and creating new
systems and techniques.
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Università di Roma “La Sapienza”,
Via Salaria 113, 00198 Roma, Italy.
finocchi@dsi.uniroma1.it,
http://www.dsi.uniroma1.it/˜finocchi/

3 College of Computing / GVU Center,
Georgia Institute of Technology
Atlanta, GA 30332-0280.
stasko@cc.gatech.edu,
http://www.cc.gatech.edu/˜john.stasko/

Abstract.

Perhaps the most popular approach to animating algorithms consists of identifying
interesting events in the implementation code, corresponding to relevant actions in the
underlying algorithm, and turning them into graphical events by inserting calls to sui-
table visualization routines. Another natural approach conceives algorithm animation
as a graphical interpretation of the state of the computation of a program, letting
graphical objects in a visualization depend on a program’s variables. In this paper we
provide the first direct comparison of these two approaches, identifying scenarios where
one might be preferable to the other. The discussion is based on examples realized with
the systems Polka and Leonardo.

1 Introduction

One of the main issues in algorithm animation is the specification of the graphi-
cal abstractions that illustrate computations. Two problems arise in this context:
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modeling graphical scenes and animation transitions, and binding the attributes
and the animated behavior of graphical objects to the underlying algorithmic
code. The power of a specification method is mainly related to its flexibility,
generality, and capability to customize visualizations. In this setting, a common
approach is to use conventional textual programming languages as specification
tools. In general, a visualization specification language can be different from the
language used for implementing the algorithm to be visualized, though they often
coincide. An important factor that determines the connection of the visualization
code with the algorithm implementation is how animation events are triggered
by the underlying computation. One approach, dubbed event-driven, consists
of identifying interesting events in the implementation code, corresponding to
relevant actions of the algorithm, and turning them into graphical events by
inserting calls to suitable animation routines, usually written in an imperative
or object-oriented style. Another natural approach, dubbed data-driven, is to
specify a mapping of the computation state into graphical scenes, usually decla-
ring attributes of graphical objects to depend on variables of the underlying
program. In this case, animation events are triggered by variable modifications.
For a comprehensive discussion of other specification methods used in algorithm
visualization, we refer the interested reader to [4,12,13,15,21].

This article provides the first direct comparison of the interesting event and
state mapping specification styles. The two approaches are reviewed in more de-
tail in Section 2. Section 3 addresses the problem of specifying a basic algorithm
visualization and provides two different solutions for the Bubblesort algorithm,
one event-driven and one data-driven, realized in the systems Polka [20] and
Leonardo [9]. Further advanced aspects of algorithm visualization specification
are considered in Section 4: the discussion is based on refinements and exten-
sions of the Bubblesort visualization code given in Section 3. Section 5 addresses
concluding remarks.

2 Two Visualization Specification Techniques

In this section we briefly review the event-driven and the data-driven visualiza-
tion specification methods, listing some systems that instantiate the two appro-
aches, and in particular the systems Polka [20] and Leonardo [9].

2.1 Event-Driven Approach

A natural approach to animating algorithms consists of annotating the algorith-
mic code with calls to visualization routines. The first step consists of identifying
the relevant actions performed by the algorithm that are interesting for visualiza-
tion purposes. Such relevant actions are usually referred to as interesting events.
For instance, in a sorting algorithm the swap of two items can be considered
an interesting event. The second step is to associate each interesting event with
a suitable animation scene. In the sorting example, if we depict the values to
be ordered as a sequence of sticks of different heights, the animation of a swap
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event might be realized by exchanging the positions of the two sticks correspon-
ding to the values being swapped. Animation scenes can be specified by setting
up suitable visualization procedures that drive the graphic system according to
the actual parameters generated by the particular event. Alternatively, these
visualization procedures may simply log the events in a file for a post-mortem
visualization. Calls to the visualization routines are usually obtained by annota-
ting the original algorithmic code in the points where the interesting events take
place. This can be done either by hand or by means of specialized editors.

The event-driven approach is very intuitive and virtually any conceivable
visualization can be generated in this way. Besides being simple to implement,
interesting events are not necessarily low-level operations (such as comparisons
or memory assignments), but can be more abstract and complex operations de-
signed by the programmer and strictly related to the algorithm being visualized
(e.g., the swap in the previous example, as well as a rotate operation in the
management of AVL trees). Major drawbacks are invasiveness (even if the code
is not transformed, it is augmented) and code ignorance allowance: the person
who is in charge of realizing the animation has to know the source code quite
well in order to identify all the interesting points.

A limited list of well-known systems based on interesting events include
Balsa [3], Zeus [5], Tango [18], XTango [19], Polka [20], CAT [6], ANIM [2].

Polka. In this paper we will consider examples of visualizations based on inte-
resting events realized with Polka. Polka is a system for visualizing programs
written in C++. The system has two main foci: allowing designers to create ani-
mations with smooth, continuous movements and simplifying the overall process
of developing algorithm animations. To build an algorithm animation with Polka,
the developer annotates the program source with Algorithm Operations. These
are Polka’s version of Interesting Events. The developer also creates Animation
Scenes that are procedures which perform an animation chunk and are written
using the Polka graphics library. Finally, the developer specifies a mapping bet-
ween algorithm operations and animation scenes. The Polka system distribution
includes full source code and numerous animation examples. Versions of Polka for
both the X Window System and Microsoft Windows exist. Further information
can be found at the URL http://www.cc.gatech.edu/gvu/softviz.

2.2 Data-Driven Approach

Data-driven systems rely on the assumption that observing how variables of a
program change provides clues to the actions performed by the underlying algo-
rithm. The focus is on capturing and monitoring the data modifications rather
than on processing the interesting events issued by the annotated algorithmic
code. Specifically, data-driven systems realize a graphical mapping of the state
of the computation (state mapping): an example is given by conventional debug-
gers, which provide a direct feedback of how variables change over time.

Specifying an animation in a data-driven system consists of providing a gra-
phical interpretation of the interesting data structures of the algorithmic code.
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It is up to the system to ensure that the graphical interpretation reflects at any
time the state of the computation of the program being animated. In the case
of conventional debuggers, the interpretation is fixed and cannot be changed by
the user: typically, a direct representation of the content of variables is provided.
The debugger just updates the display after each change, sometimes highlighting
the latest variable that has been modified by the program to help the user main-
tain context. In a more general scenario, an adjacency matrix used in the code
may be visualized as a graph with vertices and edges, an array of numbers as a
sequence of sticks of different heights, and a heap vector as a balanced tree. As
the focus is only on data structures, the same graphical interpretation, and thus
the same visualization code, may be reused for any algorithm that uses a given
data structure. For instance, any sorting algorithm that manages to reorganize
a given array of numbers may be animated with exactly the same visualization
code that displays the array as a sequence of sticks. Main advantages of the
data-driven approach are a clean animation design and a high ignorance of the
code: in most cases only the interpretation of “interesting variables” has to be
known in order to produce a basic animation. On the other hand, focusing only
on data modification may sometimes limit customization possibilities, making it
difficult to realize animations that would be natural to express with interesting
events. As we will see in Section 4, a pure state mapping approach, where there
is no connection of the visualization code with the program’s control flow, is
intrinsically less powerful than interesting events.

Examples of systems based on state mapping are Pavane [14,16], Leonardo [9],
and WAVE [10]. Toolkits such as CATAI [8], Gato [17] and LEDA [11] provide
self-animating data structures, incorporating the principles of state mapping, but
still supporting interesting events. Declarative visual programming languages
that integrate algorithm animation capabilities have been also considered (see,
for instance, Forms/3 [7]).

Leonardo. In this paper we will consider examples of state mapping visualiza-
tions realized with Leonardo. Leonardo is an integrated environment for deve-
loping, executing, and visualizing C programs. It provides two major improve-
ments over a traditional integrated development environment. In particular, it
supports a mechanism for visualizing computations graphically as they happen
by attaching in a declarative style graphical representations to key variables
in a program. With this technique, basic animations can usually be obtained
with a few lines of additional code. It is to notice that Leonardo does not rea-
lize a pure state mapping, in the sense that it allows the user to control in an
imperative style which visualization declarations are active at any time. Howe-
ver, differently from the interesting events, these manipulations change the set
of active declarations, rather than the visualization itself, and may not have
necessarily an immediate effect on the graphical scene. As a second main fea-
ture, Leonardo includes the first run-time environment that supports fully re-
versible execution of C programs. The system is distributed with a collection
of animations of more than 60 algorithms and data structures including ap-
proximation, combinatorial optimization, computational geometry, on-line, and



20 C. Demetrescu, I. Finocchi, and J.T. Stasko

dynamic algorithms. Leonardo has been widely distributed on CD-ROM in com-
puter magazines and is available for download in many software archives over
the Web. It has received several technical reviews and more than 18,000 down-
loads during the last two years. At the time of writing, Leonardo is available
only on the Macintosh platform. Further information can be found at the URL
http://www.dis.uniroma1.it/˜demetres/Leonardo/.

3 Anatomy of a Basic Visualization Specification

In this section we show how to specify a simple algorithm visualization using in-
teresting events and state mapping. In particular, we focus on sorting algorithms
and we show how to specify the well-known sticks visualization, where items to
be sorted, assumed to be non-negative numbers, are visualized as rectangles of
height proportional to their values. We first describe how the final visualization
should look, and then we provide two solutions for the Bubblesort algorithm: one
event-driven, realized with Polka, and one data-driven, realized with Leonardo.
We give and discuss actual code and screenshots from both. For simplicity, we
do not address issues of interaction with the visualization.

Bubblesort Code. We base our visualization examples on the following C/C++
implementation of the Bubblesort algorithm, which sorts an array v of n integer
values.

1. int v[]={3,5,2,9,6,4,1,8,0,7}, n=10, i, j;
2. void main(void) {
3. for (j=n; j>0; j--)
4. for (i=1; i<j; i++)
5. if (v[i-1]>v[i]) {
6. int temp=v[i]; v[i]=v[i-1]; v[i-1]=temp;
7. }
8. }

In this implementation, the first pass of lines 4–7 scans the first n elements, the
second pass scans the first n − 1 elements, etc. As elements are being swapped,
each pass leaves the highest element found at its final proper position.

Visualization Setup. The first steps in specifying an algorithm visualization con-
sist of deciding which pieces of information related to the algorithm’s execution
should be visualized and choosing a suitable graphical representation for them.
In the case of sorting algorithms, an effective visual methaphor is to associate
sticks of different heights to elements to be sorted. A possible simple layout
places sticks vertically from left to right aligning their tops at the top of the vie-
wport (see Figure 1). A swap operation can be animated in many ways: perhaps
the simplest one is to show consecutive scenes that visualize the sticks before
and after the swap.
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(a) (b)

Fig. 1. Screenshots of the Bubblesort visualization in: (a) Polka; (b) Leonardo.

Polka. Visualizations are specified in Polka by annotating the program source
with interesting events. Below, we show the source code for the Bubblesort pro-
gram that has been annotated with interesting event calls.

1. int v[] = {3,5,2,9,6,4,1,8,0,7}, n=10, i, j;
2. void main(void) {
3. bsort.SendAlgoEvt("Input",n,v);
4. for (j=n; j>0; j--)
5. for (i=1; i<j; i++)
6. if (v[i] > v[i+1]) {
7. int temp = v[i]; v[i] = v[i-1]; v[i-1] = temp;
8. bsort.SendAlgoEvt("Exchange",i,i-1);
9. }

10. }

Two events exist here. The first, “Input”, signifies that all the array values to
be sorted are set and that the animation should draw the initial configuration
of the array. The event must send the size of the array and the array itself to
the animation component as parameters.

We will omit the animation scene that is invoked as a response to the “Input”
event for brevity. This scene creates and lays out the set of vertical rectangles and
stores them in an array of Polka Rectangle objects, which is a subclass of the
basic graphic primitive AnimObject. The scene does involve some subtle geome-
tric calculations, however, as the designer must position all the rectangles with
their tops aligned, space the rectangles out horizontally, and scale the heights
of the rectangles according to the corresponding array values. Frequently, this
type of geometric layout is the most difficult aspect of creating an algorithm
animation.

The second event, “Exchange”, signifies that a swap of two elements has oc-
curred. It passes the indices of the two exchanged array elements as parameters.
The corresponding animation code for this event is shown below.

1. int Rects::Exchange(int i, int j) {
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2. Loc *loc1 = blocks[i]->Where(PART_NW);
3. Loc *loc2 = blocks[j]->Where(PART_NW);
4. Action a("MOVE",loc1,loc2,1);
5. Action *b = a.Reverse();
6. int len = blocks[i]->Program(time,&a);
7. time = Animate(time,len);
8. len = blocks[j]->Program(time,b);
9. time = Animate(time,len);

10. Rectangle *t = blocks[i]; blocks[i] = blocks[j]; blocks[j] = t;
11. return len;
12. }

First, we get the top-left (NW) corners of the two appropriate rectangles (lines
2–3), and then we create two movement Actions between them, in the two
opposite directions (lines 4–5). Next, we schedule the first block’s animation to
occur at the current time; animate it; schedule the second block’s animation; and
animate it. Finally, we must swap the two objects being held int the Rectangle
AnimObject array. This animation routine makes the first rectangle move in one
sudden jump, then the second rectangle moves afterward, again in one jump.
Note that the variables blocks and time are defined in this particular View of
the animation which is a C++ class of type Rects here. A screenshot of the
resulting visualization in Polka is shown in Figure 1a.

Leonardo. Visualizations are specified in Leonardo by adding to C programs
declarations written in Alpha, a simple declarative language, enclosing them
with separators /** and **/. A complete Alpha specification of the sticks visua-
lization described above is shown below; this fragment can be simply appended
to the Bubblesort code and compiled in Leonardo.

1. /**
2. View(Out 1);
3. Rectangle(Out ID,Out X,Out Y,Out L,Out H,1)
4. For N:InRange(N,0,n-1)
5. Assign X=20+20*N Y=20 L=15 H=15*v[N] ID=N;
6. **/

In line 2 we declare a window with identification number 1: this window is the
container of the visualization. Sticks are then declared in lines 3–5, where we enu-
merate n rectangles (line 4), and we locate them in the local coordinate system
according to the desired layout (line 5). Specified geometrical attributes include
the coordinates of the left-top corner (X,Y), the width W, and the height H of the
N-th rectangle, with N ∈ [0, n − 1]. The last parameter in the Rectangle decla-
ration (line 3) makes sticks appear in window 1. Like windows, rectangles have
identification numbers (ID): this allows us to refer to them in any subsequent
declarations.

Observe that the Alpha code refers to variables v and n of the underlying C
program, and size and position of sticks depend on them: Leonardo reevaluates
automatically the Alpha code and updates the graphical scene for each change
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of these variables. Since both statements v[i]=v[i-1] and v[i-1]=temp in line
6 change the array v, this yields two animation events per swap. A screenshot
of the resulting visualization in Leonardo is shown in Figure 1b.

Even if imperative state mapping specification has also been considered (see
WAVE [10]), the declarative approach has many advantages: in particular, the
programmer is encouraged to think in terms of “what she wants”, and not in
terms of “how to obtain it” (see, e.g., Section 4.3). A price paid for this, howe-
ver, may be a steeper learning curve for programmers who have never used a
declarative language.

4 Customizing Visualizations

The task of specifying a visualization usually proceeds incrementally through
different levels of sophistication. In Section 3 we have shown how to specify the
well-known sticks visualization of the Bubblesort algorithm. As the power of a
specification method is mainly related to flexibility, generality, and capability
of customizing visualizations, we now consider some refinements of the basic
Bubblesort animation, discussing further aspects of interesting events and state
mapping.

4.1 Specifying the Granularity of Animations

We use the word granularity to indicate the level of detail of animation events:
for instance, a sorting animation where items being swapped are moved one at
a time, as in the example in Section 3, is characterized by a higher granularity
(closer to the actual code that uses a temporary variable for the swap) than the
one where both items are moved simultaneously (elementary steps are logically
grouped and details elided).

There is a main difference in the way granularity is controlled with interesting
events and state mapping. To generate an animation event with interesting
events, a function has to be called: thus, increasing the number of animation
events requires increasing the number of function calls, so the granularity is low
by default. With state mapping, each change of a variable being mapped into
some graphical object yields automatically an animation event, so the granula-
rity is high by default: to control granularity we therefore need a mechanism to
prevent variable changes from being automatically turned into animation events.
In the following, we show how to modify the Bubblesort visualization code pre-
sented in Section 3 in order to reduce the granularity in the swap animation.

Polka. Making the two blocks exchange positions simultaneously, rather than
sequentially, is straighforward in Polka. We simply schedule their movement
Actions to commence at the same animation time, and then we animate after
that. The code below, when substituted into the Exchange animation routine of
Section 3, performs this concurrent animation.
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6. int len = blocks[i]->Program(time,&a);
7. blocks[j]->Program(time,b);
8. time = Animate(time,len);
9.

Notice that we have reduced the number of visualization instructions in order
to reduce the number of animation events.

Leonardo. Leonardo provides a simple mechanism for controlling the granula-
rity: if the predicate ScreenUpdateOn is declared, then variable changes trigger
automatically updates of the visualization. If ScreenUpdateOn is not declared,
then the visualization system is idle and no animation events occur. To let each
swap in our example produce just one animation event, we can temporary sus-
pend screen updates while the swap occurs: we just “undeclare” ScreenUpdateOn
before the swap, and redeclare it thereafter, as shown below.

6. /** Not ScreenUpdateOn; **/
7. int temp=v[i]; v[i]=v[i-1]; v[i-1]=temp;
8. /** ScreenUpdateOn; **/

Notice that we have increased the number of the visualization instructions in
order to reduce the number of animation events.

4.2 Accessing vs. Modifying Data Structures

Sometimes we might be interested in visualizing actions of an algorithm corre-
sponding to no variable modification: consider, for instance, events of comparison
of two elements in a sorting algorithm to decide whether they need to be swap-
ped. It is easy to animate such actions with interesting events, which can be
associated to any conceivable algorithmic event. On the contrary, this seems to
be a major problem with state mapping, where animation events can result only
from variable changes.

Polka. Suppose that we wish to illustrate the comparison of two array elements
to determine whether they need to be exchanged. To do so, we add a new inte-
resting event named “Compare” to the Bubblesort source code. This event occurs
just before the actual value comparison is made in the program, and it passes the
two pertinent array indices as parameters. Below, we show the modified program
source.

1. int v[] = {3,5,2,9,6,4,1,8,0,7}, n=10, i, j;
2. void main(void) {
3. bsort.SendAlgoEvt("Input",n,v);
4. for (j=n; j>0; j--)
5. for (i=1; i<j; i++) {
6. bsort.SendAlgoEvt("Compare",i,i-1);
7. if (v[i-1] > v[i]) {
8. int temp = v[i]; v[i] = v[i-1]; v[i-1] = temp;
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9. bsort.SendAlgoEvt("Exchange",i,i-1);
10. }
11. }
12. }

Let us suppose that we want to illustrate the comparison operation in the
program by flashing the two corresponding rectangles in the animation. This is
performed in Polka by modifying the fill value of the Rectangle AnimObjects.
Originally, the rectangles have a fill value of 0.0, indicating that they are simply
outlines (1.0 signifies solid color fill, and values in between correspond to inter-
mediate fills). We create a “FILL” animation action of two frames that takes
the rectangle from empty, to half-filled, and back to empty. We then make a
new Action that is this simple fill change iterated four times, thus making the
flashing effect more striking. We schedule this behavior into both rectangles and
perform the animation.

1. int Rects::Compare(int i, int j) {
2. double flash[2];
3. flash[0] = 0.5;
4. flash[1] = -0.5;
5. Action a("FILL",2,flash,flash);
6. ActionPtr b = a.Iterate(4);
7. int len = blocks[i]->Program(time,b);
8. len = blocks[j]->Program(time,b);
9. time = Animate(time, len);

10. return len;
11. }

Leonardo. A general way to illustrate a comparison event in Leonardo is to
“simulate” an interesting event. To do so, we add to the Bubblesort program a
new C function, void Compare(int i,int j), which takes the two pertinent
array indices as parameters. This function is invoked just before the comparison
and highlights the elements being compared, very much like the interesting event
“Compare” does in the Polka code.

1. void Compare(int i, int j) {
2. int k=0;
3. /** RectangleColor(ID,Out Grey,1) If (ID==i || ID==j) && k%2; **/
4. while (k<8) k++;
5. }

The main idea is to create a dummy sequence of variable changes: to this aim, we
declare a local variable k, whose value flips four times from even to odd and back
to even (line 4). The declaration in line 3, whose scope is local to the function
body, just states that rectangles with IDs equal to i or to j, corresponding to
the elements being compared, must have solid gray color fill whenever k is odd
(i.e., k%2 is non-zero). Even if this unusual method for defining animations may
seem strange at first sight, mixing declarative and imperative specification yields
great flexibility in the animation design.
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Notice that variable i in the Bubblesort code indicates which items are cur-
rently being compared: thus, highlighting them would be easy in a pure decla-
rative style. However, this would be an indirect way of portraying comparison
events and might not be applicable to other algorithms.

4.3 Visualizing Invariant Properties of Algorithms

An important issue in algorithm visualization is portraying invariant properties
of a program, which usually provide a sound foundation to the algorithm’s correc-
tness or performances. Visualizing invariant properties can help discover imple-
mentation errors and foster a better comprehension of combinatorial, algebraic,
or numerical aspects of the problem at hand.

An interesting invariant property of the Bubblesort code shown in Section 3
is that array elements with indices greater than or equal to j are always at their
final proper positions. We note that, since eventually j gets equal to zero, this
implies the correctness of the whole procedure. To highlight sticks corresponding
to elements that are properly positioned “in place”, we color them red.

Polka. We create a new interesting event titled “InPlace” taking one parameter,
the index of the array value now at its final position. We insert this event at the
end of the outer of the two main loops in the code. We also must add one final
event at the very end of the algorithm.

1. int v[] = {3,5,2,9,6,4,1,8,0,7}, n=10, i, j;
2. void main(void) {
3. bsort.SendAlgoEvt("Input",n,v);
4. for (j=n; j>0; j--) {
5. for (i=1; i<j; i++) {
6. bsort.SendAlgoEvt("Compare",i,i-1);
7. if (v[i-1] > v[i]) {
8. int temp = v[i]; v[i] = v[i-1]; v[i-1] = temp;
9. bsort.SendAlgoEvt("Exchange",i,i-1);

10. }
11. }
12. bsort.SendAlgoEvt("InPlace",j-1);
13. }
14. bsort.SendAlgoEvt("InPlace",0);
15. }

To indicate that an array element is in place, we change it from a simple outline
to a solid colored rectangle and we change its color to red. This animation routine
uses the “FILL” Action much as the Compare animation routine did as well as
a simple color change Action. We schedule both to occur at the same time, and
a one frame animation results.

1. int Rects::InPlace(int i) {
2. double f = 1.0;
3. Action a("FILL",1,&f,&f);
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4. Action b("COLOR","red");
5. blocks[i]->Program(time,&a);
6. int len = labels[i]->Program(time,&b);
7. time = Animate(time, len);
8. return len;
9. }

Leonardo. To achieve the same result in Leonardo, we just need to add the
following declaration to the Alpha code given in Section 3.

6. RectangleColor(ID,Out Red,1) If ID>=j;

Notice that the declarative specification allows us to encode directly the invariant
property described above: here we state that rectangles in window 1 having ID
greater than or equal to j, which correspond to array elements with indices
greater than or equal to j, should have red color.

4.4 Adding Smooth Animation

Smooth animation is a very useful addition to algorithm visualizations for crea-
ting continuity in the display and for capturing the user’s attention. In this
section we address the problem of specifying smooth animations using inte-
resting events and state mapping. In particular, we modify the Bubblesort ex-
ample to visualize swaps as smooth transitions along curved paths, rather than
jerky movements. While obtaining the desired solution with interesting events
is straightforward in Polka, the Leonardo implementation involves some subtle
considerations.

Polka. Changing the exchange operation’s movement animations from being one
frame “jumps” to smooth, multiframe, curved motions is very easy with Polka.
We simply change the one line of the Exchange animation routine that constructs
the movement path. We use a different Action constructor, one that utilizes the
predefined CLOCKWISE trajectory taking 20 animation frames.

10. Action a("MOVE",loc1,loc2,CLOCKWISE);

Leonardo. If the predicate SmoothAnimationOn is declared, Leonardo provides
automatic in-betweening of graphical scenes: changes of graphical objects by
the same IDs in consecutive scenes are automatically linearly interpolated to
generate intermediate frames. In order for this to work properly, no two graphical
objects can have the same ID.

We now consider the animation effect obtained by simply adding to our
Bubblesort visualization code the following declaration.

7. SmoothAnimationOn;
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Since a rectangle with ID=x has height proportional to v[x] in our implemen-
tation (see line 5 of the visualization code in Section 3), swaps are seen from
the viewpoint of array slots, which get their content changed. Thus, the swap
animation resulting from declaring SmoothAnimationOn is that one stick grows
and one shrinks. This might be fine anyway, but we were expecting sticks to
jump, not change in size as in an animated histogram.

To customize the behavior to the desired result, we can look at swaps from the
viewpoint of elements that move from slot to slot: to do so, we just let ID=v[N]
instead of ID=N in line 5 of the visualization specification. In this way, rectangles
by the same ID may have different positions before and after a swap, but same
size. To meet the requirement that no two graphical objects can have the same
ID, now we have the constraint that the array must contain no duplicates. We
might also need to revise previous declarations that assumed ID=N, e.g., predicate
RectangleColor in Section 4.3. At this point, to move sticks along curves instead
of straight lines, we can further customize the animation, adding the following
declaration.

8. RectanglePosPath(ID,Out Curve,1);

Here we declare that any change of position of a rectangle in window 1, regardless
of its ID, must be interpolated along a curve. Notice that the animation behavior
of a graphical object is specified in Leonardo as an attribute of the object itself.

4.5 Other Issues

Showing Computation History. While invariant properties of programs are easily
visualized with state mapping since they are defined on the current computa-
tion state, visualizing the history of the computation may be difficult, unless the
current state of the computation includes some information about previous sta-
tes. In fact, the solution usually adopted with both interesting events and state
mapping is to record some history of previous states in a data structure, which
is accessed for generating the visualization. Another possible solution with state
mapping is to record the history in the mapping itself, which is progressively
enriched with new declarations as the program runs.

Animating Multi-phase Algorithms. Some algorithms are based on several in-
ternal phases, each of which should be visualized in a different way (see, e.g.,
Ford-Fulkerson’s maxflow algorithm [1]). This is achieved quite naturally with in-
teresting events. Visualizing multi-phase algorithms with a pure state mapping,
instead, may be difficult: the problem is easily solved, however, if the system
allows us to let the graphical interpretation of variables depend upon the por-
tion of code that is currently being executed. Leonardo, for instance, provides
ad-hoc directives (Not x, Assert x, Negate x, Substitute x With y) that can
activate, deactivate, or replace previous declarations at any point of the algo-
rithmic code. We remark that, even if this is still state mapping, it is not “pure”
in the sense that the set of active declarations defining the mapping depends on
the program’s control flow and is manipulated in an imperative style.



Specifying Algorithm Visualizations 29

5 Conclusions

In this paper we have addressed specification aspects in algorithm visualization,
providing the first direct comparison of the two most commonly used specifica-
tion methods: interesting events and state mapping. We have based our discus-
sion on specifying the well-known sticks visualization of the Bubblesort algorithm
in the systems Polka and Leonardo, which instantiate the two approaches.

While interesting events are very intuitive and well-suited for specifying hig-
hly customized animations, they usually require developers to write several lines
of additional code even for basic animations, and may lack in code ignorance al-
lowance. On the other side, specifying visualizations with state mapping usually
requires developers to write few lines of additional code, and little knowledge
of the underlying code is needed, but this method may have a steeper learning
curve and appears to be less flexible than interesting events in some customiza-
tion aspects. It is our opinion that devising systems able to support both the
declarative and the imperative visualization specification styles would represent
an interesting research contribution, likely to be best suited for deployment in
concrete applications.
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Abstract.

The Jeliot family consists of three program animation environments which are based
on a self-animation paradigm. A student can visualize her Java code without inserting
additional calls to animation primitives. The design of the animation environments has
been guided by the analysis of feedback from high school and university students. Eva-
luation studies indicate the benefit of dedicated animation environments for different
user groups like novice programmers. Based on the results of these studies, we present
plans for a future work on Jeliot.

1 Introduction

The Jeliot family consists of three program animation environments: Eliot [1],
Jeliot I [2], and Jeliot 2000 [3], which have been developed in order to improve the
teaching and learning of computer science, in particular, programming. The key
design principle has been learning-by-doing: a student should have an animation
tool which helps him to easily construct a visual representation of a program.
The two representations of a program, namely its code and its animation, should
match the mental image of the student, so that he could concentrate on the
comprehension process instead of being misled by disturbing visual clues.

To achieve the kind of transparency in an animation environment described
above, you need a consistent technical design. The Jeliot framework is based
upon self-animation: the syntactical structures of a programming language have
� The work was supported by the National Technology Agency, Finland.

S. Diehl (Ed.): Software Visualization, LNCS 2269, pp. 31–45, 2002.
c© Springer-Verlag Berlin Heidelberg 2002
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built-in visual semantics. In this way, an interpreter or compiler can automati-
cally generate the animation of a program. This means that a student can, in
principle, write any program without worrying about how to visualize it. The
learning process takes place at the level of coding a program and simultaneously
studying the two representations, textual and visual, not by creating the textual
representation, and then subsequently creating another—visual—one for existing
code.

A danger of using an automated system in education is that the student may
exhibit superficial learning, without having made the personal effort to truly
understand to subject. Or worse: does a system make a student into a zombie
(as a graduate student from Ekaterinburg commented), by forcing him to see
the running-time behavior of a program in a predetermined way? These kinds of
questions led us to create a semi-automatic implementation of the self-animation
paradigm. A semi-automatic visualization environment should allow a student
to define the visual semantics for each of the program structures, or at least to
choose the most appropriate one for his needs.

Apparently, there is a trade-off between the speed at which a fully-automatic
animation can be constructed, and the versatility of the semi-automatic para-
digm. One member of the Jeliot family is fully-automatic, rather others retain
the flexibility of the semi-automatic paradigm. Thus, the Jeliot framework offers
an attractive platform for evaluating the effects of various animation strategies
in different student populations.

2 The Development of the Jeliot Family

Jeliot is an animation tool for visualizing the execution of Java programs or
algorithms. We review two versions of Jeliot: Jeliot I [2,4] implemented in the
University of Helsinki works on the Web, and Jeliot 2000 [3] implemented in the
Weizmann Institute of Science is a single Java application. We also consider Eliot
[1], the predecessor of Jeliot I, as a member of the Jeliot family, because Eliot is
functionally similar to Jeliot I. The name Eliot was taken from the Finnish word
Eliöt, which means living organisms. The name Jeliot stands for Java-Eliot.

2.1 Early Years

The Jeliot family is an outcome of a long process. In 1992 Erkki Sutinen and
Jorma Tarhio were involved with a project [5] of implementing ready-made ani-
mations for string algorithms. They noticed that the actual process of creating
animations was more useful for learning than just watching ready-made anima-
tions. Because it took up to 100 hours to create a simple animation using the
tools that were available at that time, the development of new tools for creating
animations was started.

The first step towards Eliot was the implementation of self-animating data
types. A data type is self-animating if the animation system provides a selection
of visual representations for the type, and predefined animations are associated
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with its operations. If a program uses animated data types, its animation is
seen as a sequence of the visualized operations when the program is run. This
paradigm is called self-animation.

Self-animation is similar to the interesting-events approach [6], where the
events are connected with the operations of the data types. However, self-
animation has several advantages over the interesting-events approach: The algo-
rithm and animation codes are not separated and data is not duplicated, because
you do not have to construct the animation by inserting calls to animation pri-
mitives within the code of the algorithm. With self-animation, the preparation
of an animation for a new algorithm is fast, and code reuse is easier.

Related Systems. The animation of Jeliot is controlled by operations on data
structures. This kind of animation is closely connected with the development
of debuggers and has a long history. Incense [7] was probably the first system
capable of showing data structures of several kinds. Provide [8] offers alterna-
tive visual representations for variables. PASTIS [9] is an example of associating
animation with a debugger. UWPI [10] introduced sophisticated automatic ani-
mation. In UWPI, a small expert system selects the visualization for a variable
based on naming conventions of data types. At least Lens [11], VCC [12], and
AAPT [13] are worth mentioning among other animation systems related to
Jeliot.

2.2 Eliot

The key features of Eliot are self-animating data types and a user interface.
Eliot extracts and displays the names of the variables of the self-animating ty-
pes, which are integer, real, character, array and tree. The user decides which
variables should be animated and selects their visual appearance. The user may
accept the default values or change them individually for each object. In this
way, constructing an animation is semi-automatic: the basic operations are de-
fined automatically by the code, while the user can fine-tune the animation in
the second phase, according to his internal view of data structures.

It is the integrated user interface of Eliot which makes self-animation prac-
tical to use. With Eliot it takes only a few minutes to design and compile a
simple animation for a C program, but the same process would take about an
hour without the user interface, because the set of animated variables must be
programmed and the values of all visual attributes set by hand.

Eliot supports multiple animation windows called stages, which can be dis-
played simultaneously. The selection of the animated variables and their cha-
racteristics on each stage is independent. Eliot provides a feature to store the
selection of variables and their visual parameters for later use.

Presentation of animation in Eliot is based on a theater metaphor [1], which
has guided the design as well as the implementation. One can see the entire
animation as a theatrical performance. The script of a play involves a number of
roles, where the roles correspond to the variables of the algorithm to be visua-
lized. An actor plays a role: in an animation, an actor is a visual interpretation
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of a variable. A play may have many simultaneous directions on multiple stages;
similarly, an algorithm might have different visualizations on multiple animation
windows.

2.3 Jeliot I

Eliot was completed in 1996. It ran under X windows and used the Polka ani-
mation library [14]. Because porting Eliot would have have been difficult, we
decided to create a similar system for the World-Wide Web that would be por-
table. The Jeliot I system for animating Java programs was finished in 1997.
Both Eliot and Jeliot I were implemented by students of University of Helsinki
under direction of Erkki Sutinen and Jorma Tarhio.

Fig. 1. A screenshot of Jeliot I

Although the functionality of Jeliot I is similar to that of Eliot, the technical
design is completely different and is based on client-server architecture. Moreo-
ver, the Polka library is not any more used; instead, graphical primitives were
implemented in using the standard Java libraries. The implementation of self-
animation in Eliot relied on the ability to overload operators in the underlying
implementation language, C++. In Jeliot I, calls of relevant animation primitives
are inserted into the algorithm during preprocessing of the source code.

Jeliot I is capable of animating all the primitive types of Java (boolean, in-
tegral, and floating-point types), one- and two-dimensional arrays, stacks and
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queues. For all types, visual representations can be selected. However, the ani-
mated tree type of Eliot is not supported. Jeliot I highlights the active line of
code in the program window during execution.

In the terms of the theater metaphor, Jeliot I has an additional feature that
did not exist in Eliot. Jeliot I enables improvisations, where the user can modify
the visual appearance on the stage while a performance is running. The modified
visualization parameters have an immediate impact on the actors on stage.

Figure 1 shows a screen capture from Jeliot I. The main control panel is on
the left; on the right is one stage upon which an animation is taking place. There
are many control windows used to configure the animation, too many in fact for
novice users. The main control panel shows the source code of the program,
highlighting the statement that is currently being animated. On the stage is
the animation of a table being sorted with the bubblesort algorithm. Above the
table is an animation of a comparison between two values of the table: ”YES!”
signifies that the comparison returns true.

2.4 Jeliot 2000

The user interface of Jeliot I proved to be difficult for novices. Therefore, a new
version of Jeliot was designed and developed by Pekka Uronen during a visit to
the Weizmann Institute of Science under the supervision of Mordechai Ben-Ari.
Jeliot 2000 [3] was specifically designed to support teaching of novice learners.

Fig. 2. A screenshot of Jeliot 2000

Two principles guided the design of Jeliot 2000: completeness and continuity.
Every feature of the program must be visualized; for example, the use of a
constant is animated by having the constant move from an icon for a constant
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store. Moreover, the animation must make the relations between actions in the
program explicit; for example, the animation of the evaluation of an expression
includes the animation of the evaluation of subexpressions.

As the intended users have little or no experience working with computers,
the user interface of Jeliot 2000 is kept as simple as possible, without the custo-
mization abilities of Jeliot I. Jeliot 2000 displays two panels: one for the source
code, and another for the animation. The execution of the program is controlled
through familiar VCR-like buttons (see Figure 2).

The implementation of Jeliot I is based on self-animating data types, but this
makes it difficult to implement visual relations during evaluation of expressions,
parameter passing and control structures. Jeliot 2000 embeds the animation sy-
stem within an interpreter for Java source code, giving more power of expression
at the cost of a more complicated implementation. It was a challenge to produce
a smooth animation, because the visual objects that represent an expression
must remain displayed for the user to examine in the context of the source code.
Jeliot 2000 is written in Java like Jeliot I, but unlike the Web-based client-server
architecture of Jeliot I, it is structured as a single application for simplicity and
reliability in a school PC laboratory. The current implementation of Jeliot 2000
is limited in the language constructs that it supports.

Figure 2 shows a screen capture from Jeliot 2000. The left panel shows the
program code that is animated. The lower-left corner contains the simple VCR-
like control panel. The lower-right corner of the user interface contains a textbox
that Jeliot 2000 uses to display the output. The animation is performed on the
stage in the right panel. Here the animated algorithm is the same bubblesort
algorithm as in Figure 1. The lower left corner of the stage displays a “source”
of constants. The rest of the stage displays the animation: on the left, a box
representing the main method including the variables that are declared within
the method. At the moment, a comparison of two values of the table is being
animated. One can see from the picture all subexpressions that are needed to
evaluate the expression in the program code. In addition, an explanation of the
evaluation is displayed.

2.5 Comparison and Discussion

Eliot and Jeliot I were aimed at teaching algorithms and data structures. They
are more useful when the student already knows the elements of programming.
Constructing of an animation is semi-automatic. Jeliot 2000 was made for novices
to illustrate how a Java program works. Animation is fully automatic, and the
user is not able to customize the animation. Table 1 lists the main features of
the systems.

Comparing the animations of Jeliot I and Jeliot 2000 is difficult because in
Jeliot I one can have several adjustable views, while Jeliot 2000 has only one
fixed view. Another difference between the systems is in the level of explanation.
Jeliot I does not present as many explanatory features as Jeliot 2000; these were
added in the development of Jeliot 2000 as essential for novices.
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Table 1. Characteristics of the Jeliot family.

Eliot Jeliot I Jeliot
2000

Language C Java Java
Animated objects selectable + + −
Visual attributes adjustable + + −
Animated data types

Number + + +
Boolean − + −
Character + + −
Array + + +
Queue − + −
Stack − + −
Tree + − −

Active code line highlighted − + +
Number of stages many many 1

Automation is one of the key features of Jeliot. Marc Brown [6] has discus-
sed the problems of automatic animation. He argues that in general there is no
one-to-one correspondence between the statements of a program and the ima-
ges of the animation. An ideal animation according to him also shows synthetic
metastructures of the algorithm. Of course, a fully automatic animation system
cannot produce any synthetic metastructures. But in some cases they can be
achieved by customizing a view, which is possible in Eliot and Jeliot I. And it is
always possible to use an automatic system in an incremental way by program-
ming synthetic metastructures as additional data structures of the algorithm
and letting the animation system visualize them.

On the level of abstraction at which the programs are executed in Jeliot,
informative displays are easy to construct, though the length of the program
code and number of the data structures can be a problem. In Eliot and Jeliot I,
one can add new stages to accommodate all the data structures that are to be
animated. During the development of Jeliot I, this feature was used to debug
the system, proving that even a large amount of code can be accommodated.
Moreover, one can add data types of one’s own inside Jeliot I and so animate
even complex data structures. In Jeliot 2000, problems may arise if there are
too many data structures to be simultaneously animated because Jeliot 2000
has only one stage. However, Jeliot 2000 was designed for novice users, so this
limitation is not important.

3 Empirical Evaluation

There is no question that visualizations and animation of algorithms and pro-
grams is appealing, and can increase the motivation of students studying com-
puter science. Intuitively, it would seem that they would significantly improve
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learning of computer science concepts; unfortunately, empirical studies do not
unequivocally support this claim. From its inception, the Jeliot family has been
subjected to extensive empirical evaluation; the results clearly show when pro-
gram visualization can help and when not. In this section, we discuss some theo-
retical background, briefly describe empirical work by John Stasko, and then
present details of the empirical evaluation of Eliot, Jeliot I, and Jeliot 2000.

3.1 When Does Visualization Help?

Petre and Green [15,16] examined the use of visual programming by novices and
experts. They concluded that the main advantage of graphics is the information
contained in secondary notation, which is the informal part of the graphics: pla-
cement, color, indentation, and so on. Experts use this information efficiently to
understand a graphics display; even if two experts use different secondary not-
ation, they are able to easily decipher each others conventions and to recognize
them as the work of experts. Novices ignore or misinterpret secondary notation,
so their use of graphics is highly inefficient. Petre and Green conclude that: (a)
the notational needs of experts and novices are different, and (b) novices must
be explicitly taught to read graphics.

In a broader context, Mayer [17] performed a sequence of experiments on
multimedia learning. He found that visualizations must be accompanied by si-
multaneous textual or verbal explanations to be effective. Multimedia guides
students’ attention and helps them create connections between text and con-
cepts.

These results directly influenced the development of Jeliot 2000, by pointing
out the need to a different tool for novices, and the need to include explanatory
text with the animation of control structures.

3.2 Stasko’s Work

Stasko, Badre and Lewis [18] used algorithm animation to teach a complicated
algorithm to graduate students in computer science, but the results were disap-
pointing: the group that used animation did not perform better than the control
group. They conjecture that the students had not used animation before and
found it difficult to map the graphics elements of the animation to the algo-
rithm. In another experiment, Byrne, Carambone, and Stasko [19] showed that
students in the animation groups got better grades on challenging questions for
simple algorithms, but on difficult algorithms the differences were not signifi-
cant. Kehoe, Stasko, and Taylor [20] found that algorithm animation is more
effective in open homework sessions than in closed examinations. As one would
expect from Mayer’s work, they found that animation is not useful in isolation:
students need human explanations to accompany the animations.

3.3 Evaluating Eliot and Jeliot I

An empirical evaluation of Eliot was carried out in a course on data structures
[21,22], using questionnaires, video tapes, learning diaries and interviews. The
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studies showed that using Eliot improved the motivation and activation level
of the participating students, and that students produced higher quality code
and documentation. Jeliot I has also been used for cross-cultural co-operation
in teaching programming [23].

Matti Lattu [24] carried out an empirical evaluation of Jeliot I primarily on
two groups of high-school students. (A group of university students was also
studied, but they did not use Jeliot I in depth.) Semi-structured interviews and
observations of the lectures were used. Here is a summary of the results:

– Both students and teachers tend to use continuous execution, rather than
step-by-step mode. Some educators might find this result to be counter-
intuitive, because step-by-step execution is more interactive and construc-
tivist [25] than continuous execution.

– Teachers frequently used visualization during lectures before presenting the
program source.

– Jeliot I assisted in concept-forming, especially at the novice level.
– The user interface was too complex for novices. Confirming Petre’s claims,

the novices had difficulty interpreting the visualization, and the grain of
animation was too coarse.

In subsequent research [26], Jeliot I was evaluated for use as a demonstration
aid when teaching introductory programming and Java. Several classes were
observed during the year and the field notes analyzed. The observation also
captured the use of traditional demonstration aids: a blackboard and an overhead
projector.

Their first conclusion is that ease and flexibility of use are of paramount
importance. Developers of visualization software must ensure that the software is
easy to use and reliable; otherwise, low-tech materials will be preferred. Of more
interest is the observation that all aspects of a program must be visualized: data,
control flow, program code and objects. Jeliot I is primarily a tool for visualizing
data, while Jeliot 2000 significantly improved the visualization of control flow.
Perhaps the next step is to include visualization of program code and objects.
The BlueJ system [27] is an excellent example of this type of visualization tool.

3.4 Evaluating Jeliot 2000

Jeliot 2000 was evaluated by Ronit Ben-Bassat Levy in an experiment [3] that
is as close to a controlled experiment as one could hope for: two classes, one
using Jeliot 2000 and one as a control group. The experiment was carried out
on tenth-grade high school students studying an introductory course on algo-
rithms and programming, and the results were evaluated both quantitatively
and qualitatively. The classes were composed randomly, but unfortunately, the
control group was better, which made interpretation of the quantitative results
somewhat difficult. The experiment was run for a full year, so that the students
could overcome the difficulties inherent in using a new system.

The experiment was carried out by testing learning of each new concept
as it was studied during the year. In addition, an assignment at the end of
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the year and a follow-up assignment during the next school year were used to
investigate long-term effects. The quantitative test results were supplemented
with individual problem-solving sessions which were taped and analyzed. For
details of the experimental setup and results, see [3]. We can summarize the
results and conclusions as follows:

– The scores of the animation groups showed a proportionally greater impro-
vement, and their average matriculation exam score was the same as that of
the control group, even though the latter contained stronger students.

– Mediocre students profit more from animation than either strong or weak
students, though the grades of the latter two groups do not suffer.

– Students benefit most if the animation session includes individual instruc-
tion.

– The animation group used a different and better vocabulary of terms than
did the non-animation group. Verbalization is an important step to under-
standing a concept, so for this reason alone, the use of animation can be
justified.

– There was significant improvement in the animation group only after several
assignments; one can conclude that it takes time to learn to use an animation
tool and to benefit from its use.

– Students from the animation group used a step-by-step method of explana-
tion, and some even used symbols from Jeliot 2000 in order to show the
flow of values. Students from the control group expressed themselves in a
generalized and verbose manner. This difference in style continued into the
next year.

Here is a summary of a problem-solving session on nested if-statements that
demonstrates how the above conclusions were arrived at:

– In the control group, only the stronger students could answer the questions,
and only after many attempts. They were not sure of the correctness of their
answers and had difficulty explaining them.

– The stronger students of the animation group also had difficulties answering
this question! They did not use Jeliot 2000 because they believed that they
could understand the material without it.

– The weaker students of the animation group refused to work on the pro-
blem, claiming that nested if-statements are not legal, or that they did not
understand the question.

– The mediocre students of the animation group gave correct answers! They
drew a Jeliot 2000 display and used it to hand simulate the execution of the
program.

4 Future Plans

The knowledge that has been collected through empirical evaluation of Jeliot
has already changed the development of the Jeliot family. Here we present sug-
gestions for the further development of Jeliot.
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4.1 Visualization Techniques and User Interface Issues

In automatic program visualization, the animation is performed at constant
speed, even though some parts of the program are more difficult to understand
than others. The ability to specify varying animation speeds for different parts
of the program would make it easier to concentrate on difficult parts of the
program. For example, initialization could be run at a higher speed than the
statements in the inner loops of a sorting algorithm. The question arises: How
does the user specify such difficult parts? The user would have to specify such
parts through special comments in the program or using the user interface. The
next paragraph suggests that semi-automated visualization could help with this
specification.

For a novice user who has never programmed, automatic animation is es-
sential. However, as the user becomes more experienced, he or she will want to
control the configuration of the animations, for example, to select the speed of
animation of different parts of the program, or even to skip the animation of
parts like initialization. The user will also want to configure the visual elements
for color, form and placement as was done in Jeliot I. Jeliot I also showed that
storing configurations is important, because it fosters reuse animations, making
them easier to share between a teacher and a student, or among the students
themselves.

While forcing users to shift their gaze from one point to another on the
screen is not recommended [28], it is important to guide the user in focusing
on significant elements of the animation. One possibility would be to use sound
[17]: the user would come to recognize specific sounds as guiding focus to specific
locations.

4.2 Visualization with Jeliot

Structures of the programming language. The animation of method calls
and array access is not entirely transparent in any of the systems of the Jeliot
family, even though precisely these elements can be difficult for novices. It is
important to find better ways to illustrate how a method gets its parameters
and how multi-dimensional arrays are accessed. New self-animating data types
such as lists and graphs would extend the applicability of Jeliot. Furthermore,
Jeliot should make it easy for the user to create a new self-animating data type.

Object-oriented programming. Jeliot uses Java, a popular object-oriented
language, but it can not handle objects or user defined classes. The next ver-
sion of the Jeliot should provide better support for animating aspects of objects,
such as object creation and method calling. Jeliot is quite good at animating
the dynamic aspects of program execution, but to support object-oriented pro-
gramming, it should also visualize the class structure in order to show the uses
and inherits from relationships among the classes (cf. [27]).
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Other programming languages. Currently Jeliot supports only programs
written in the Java language. A visual debugger for Scheme [29] was implemented
by slightly modifying Eliot, showing that the Jeliot could be modified to support
other programming languages.

Visualizations of other subjects. Many dynamic phenomena can be descri-
bed as algorithms, and therefore visualized by Jeliot [30]. For example, it would
be possible to visualize the Mendelian rules of inheritance for a biology class.

4.3 Integration with Other Environments

We would like to integrate Jeliot into the learning environment so that metadata
[31] could be collected about the students. For example, if Jeliot could collect
metadata about the difficulties that an individual student has, this could be
used both by the teacher and by Jeliot itself to adapt the animation speed as
described above.

Jeliot could be integrated with other program visualization tools such as
BlueJ [27] to provide a richer variety of views of the program and its execution.

A natural application of automatic animation is debugging [1]. The debugging
abilities of Jeliot could be improved by implementing all of the Java language,
and also by more efficient highlighting of the code. Errors found during compila-
tion should be highlighted and partial animation performed if possible. Perhaps
even common syntax errors could be animated. Thus, Jeliot could form part of
a semi-automated assessment system for programming exercises [32].

4.4 Jeliot in a Learning and Development Community

Users should be able to interact with each other. Jeliot could be integrated with
Internet communication tools to facilitate students working together on the same
project, by enabling all participants to view the same animation.

Many of the proposed extensions to Jeliot could be implemented indepen-
dently. The Jeliot source code could be licensed as free software, perhaps under
the GNU general public license (GPL), with coordination coming from the De-
partment of Computer Science at the University of Joensuu.

5 Conclusion

The phases of the history of Jeliot reflect different trends or approaches in com-
puter science education, especially in teaching how to program. The predecessor
Salsa was a package of ready-made animations for teaching string algorithms:
it emphasized the instructive perspective. The Eliot, Jeliot I, and Jeliot 2000
systems, with their fully or semi-automatic animation tools, are examples of
constructive learning environments. The future platforms will be worked out by
extended and networked teams: they represent the idea of a learning community.
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In these communities, one can no more make a distinction between a teacher, a
learner, and a designer.

One of the main lessons learned during the development and evaluation cycle
of Jeliot is that of different learners and learner groups. An animation system
should always offer a solution to a certain learner group’s needs. Therefore,
an evaluation is not just another stage in the design and implementation of an
environment, but should be carried out simultaneously during the whole process.
Moreover, there is seldom one single best application for all animation or program
comprehension needs, but rather a bunch of components of which a learner can
pick up the ones she needs.

To sum up, what we have learned during the close to ten years of working with
program animation, is that animation as well as apparently other learning tools
should help a learner at his individual learning difficulties adaptively, distance
independently, and taking into account diverse learning and cognitive styles.
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Abstract.

We first give an overview of the features of the GANIMAL Framework introducing
several new concepts not present in any previous algorithm animation system. Then
we focus on its mechanisms for mixing live and post mortem visualization which are
in particular very useful for algorithms which restructure graphs.

1 Introduction

In recent years we have developed several educational software systems for topics
in compiler design and theoretical computer science [1,13]. These systems have
in common that they teach computational models by animating computations
of instances of these models with example inputs.

In the project GANIMAL we develop generators, which produce interactive
visualizations and animations of different compiler phases. The generators form
the basis of new kinds of exercises as part of educational software [9,8]. The lear-
ner can focus on certain aspects in the generated, interactive animation and see
what effects small modifications in the specification have. With the help of such
observations he formulates hypotheses and checks these empirically. The lear-
ning software does not act as an anonymous, all-knowing authority which shows
his errors. Instead, our approach offers a way for explorative, self-controlled
learning. Such a visual experimental approach is not meant to replace, but to
enhance classical teaching of theoretical contents.

To ease the creation of interactive animations we developed the GANIMAL
Framework. The GANIMAL Framework and in particular the language GANILA
provide a powerful set of features. It integrates concepts of different classical
systems: Interesting events and views (BALSA [3]), step-by-step execution and
breakpoints (BALSA-II [2]), and parallel execution (TANGO [15]). In addition
it offers new features like alternative interesting events and alternative code
blocks, visualization of invariants for program points and blocks, foresighted
graphlayout, and mixing of post mortem and live/online algorithm animation
which is a prerequisite for visualization control of loops and recursion, i.e. the
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ability to visualize only the execution of certain program points, e.g. the last five
executions of a loop or every second invocation of a recursive method.

This paper is organized as follows. Section 2 introduces the GANIMAL fra-
mework, i.e. the software architecture and the basic workflow for creating ani-
mations. Section 3 describes the annotations provided by the GANILA language
for live algorithm animation and Section 4 describes those for inserting post
mortem visualizations into live animations and based on this the visualization
control for loops and recursion. As an example we compare in Section 5 live and
mixed mode animations of an algorithm which computes least upper bounds.
Section 6 concludes.

Fig. 1. The Ganimal Framework

2 The GANIMAL Framework

Based on GANIMAM [10] and the experiences found in related work [6,16] we
designed the GANIMAL Framework, see Figure 1. It consists of the GANILA
Compiler and a runtime system. The compiler generates code which in com-
bination with the runtime system produces the interactive animations. More
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precisely, given a specification written in the language GANILA, the genera-
tor produces an algorithm module and the initial settings, i.e. meta-information
associated with each program point of the algorithm. During the execution of
the algorithm this module sends interesting events (IE) containing the current
program point pp and the current animation mode (RECORD,PLAY) to a con-
trol object. The control object checks the settings for this program point. If the
interesting event has not been deactivated at this program point, it is send to all
views. Each view can have its own settings and decide whether it will invoke its
event handler for this interesting event. Based on the animation mode the event
handling routines produce graphical output or simply change some internal state
and defer the graphical output until the mode is set to PLAY. At runtime the
graphical user interface (Figure 2) can be used to change the settings of each
program point.

All views should use the base package which consists of a set of Java classes
providing primitive methods for communication, graphical output, and anima-
tion. The use of the base package fosters a consistent look-and-feel of different
views.

At run-time the user can set break points, select alternative events or alternative code
blocks, activate or deactivate interesting events, and select parallel or sequential exe-
cution of certain blocks. Furthermore he can control the animation using a VCR like
control to start, pause, or step through the animation.

Fig. 2. Graphical User Interface
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3 Annotations for Live Animation

The language GANILA extends Java by interesting events, parallel execution of
program points, recording and replaying mechanisms (e.g. by foresighted graph
layout), break- and backtrack points, and declarations to import views. The
compiler called GAJA translates GANILA into Java. For every annotated pro-
gram point its annotation can be activated and deactivated at run time using
a graphical user interface. The resulting settings can be defined for the whole
animation, as well as individually for each view.

3.1 Predefined Views

Our system provides a set of predefined views which can be imported into a
GANILA program using view <Name>(Parameter).

// A view without parameters
view CodeView();
// A view with parameters
view SoundView("http://www.cs.uni-sb.de/sounds/");
// An algorithm-specific view
view HeapsortView();

The developer of the animation can simply use these views or extend their func-
tionality using inheritance. The methods of the views are event handling routines.
In the example above HeapsortView is such a newly created view.

HTMLView: In GANILA it is possible to associate program points with web
pages. A third party component integrated into the system (IceBrowser-Java-
Bean) allows to show HTML content in a view. Moreover it is possible to trans-
fer runtime data, which is accessible at the program point, to a CGI-Script on a
server. The server can thus produce context-sensitive HTML pages. In ”Literate
Programming” [14] a static document is produced from the documentations at
different program points in the source code. In contrast, in GANILA documen-
tation can be shown whenever the program point is reached during execution.

GraphView: The GraphView provides several algorithms to layout a graph, see
Section 4.2 for more details. Nodes and edges can be added or removed. Here
almost all kinds of Java SWING components can be used as nodes.

CodeView: The CodeView shows a textual representation of the program exe-
cuted and highlights the current program point.

SoundView (Aura): Analogous to the HTMLView, this view associates program
points with sound files, e.g. containing spoken explanations. As part of an inte-
resting event it receives the URL of a sound file. Starting, stopping, and repeating
the play-back, as well as its volume can be controlled by interesting events.
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3.2 Interesting Events

The following excerpts show the GANILA specification of a simple operation,
which is used as an example by various algorithm animation systems: the swap-
ping of the content of two elements of an array, here a[i] and a[j].

help = a[i]; *IE_MoveToTemporary(i);
a[i] = a[j]; *IE_MoveElement(i,j);
a[j] = help; *IE_MoveFromTemporary(j);

Interesting events have the prefix *IE_ and transfer local information in their
arguments to the different views. Obviously in such a view the value of a[i] could
be moved to a representation of the auxiliary variable. Then the value of a[j]
would be moved to a[i] and finally the value of the auxiliary variable would
be moved to a[j]. So far, the GANILA events (GEvents) work very much like
those in other multi-view event-based algorithm animation systems like ZEUS
[4]. One important difference is that such a GEvent is first send to the control
of the framework and is subject to the settings like every program point. As a
consequence the user can activate or deactivate the effect of an interesting event
at run time using the GUI, see Figure 2. The event handlers of each view must
be programmed such that they actually receive a deactivated event and they
might even change the internal state of the view to prevent inconsistencies, but
it should not produce any visual output. Every view registers with the control
object which in turn forwards each event to all registered views. An event handler
can even create new views which it can register with the control object. The
algorithm object, the control object, and the views are implementing the MVC
design pattern (model, view, control) which is a combination of the Observer,
Composite, and Strategy patterns [11].

3.3 Alternative Interesting Events and Alternative Blocks

GANILA also supports the grouping of program points by enclosing them in
*{ and *} to from a block. The statement *FOLD *{ <Eventlist> *} triggers
one or more alternative GEvents for a program point or block. The following
example also shown in the GUI in Figure 2 illustrates the use of this statement:

public void exchange(int i, int j) {
int help;
*{ help = A[i]; *IE_MoveToTemporary(i,A);

A[i] = A[j]; *IE_MoveElement(i,j,A);
A[j] = help; *IE_MoveFromTemporary(j,A);

*}
*FOLD *{ *IE_Exchange(i,j,A); *}

}

Using the GUI the user can decide at run time whether the events in the
block or the alternative event is triggered. In both cases the program code in
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the block is executed. By selecting the alternative event the views could move
the two values of the field in parallel to their new positions. Note that in this
solution the event handler could use concurrency internally. This is completely
different from using the parallel operator as discussed in the next section.

The *FOLD construct is meant to support semantical zooming, i.e. in many
cases the events in the block, in particular if other methods are invoked, will
produce more fine grained animations than the alternative events.

In contrast to *FOLD the GANILA construct *ALT allows the programmer
to provide two different program blocks which should produce the same results.
The user can then decide in the GUI which of these program blocks should be
actually executed.

int min;
*{ min=a[0];

for(int i=1;i<a.length;i++)
{ *IE_Compare(a,i,min);
if (a[i]<min) min=a[i];

}
*}
*ALT
*{ min=a[a.length];

for(int i=a.length;i>=0;i--)
{ *IE_Compare(a,i,min);
if (a[i]<min) min=a[i];

}
*}

3.4 Parallel Execution

Using the operator *|| two program points or blocks can be executed in parallel.

*{ *IE_AssignTemporary(1,i); help1 = a[i]; *}
*|| *{ *IE_AssignTemporary(2,j); help2 = a[j]; *}

*{ *IE_MoveTemporary(j,1); a[j] = help1; *}
*|| *{ *IE_MoveTemporary(i,2); a[i] = help2; *}

In the above program first the two assignments to help1 and help2, as well
as the respective events are executed in parallel, then the two assignments to
a[i] and a[j] and the respective events are executed in parallel. As a result the
corresponding animations run in parallel. Note that if we would use a single au-
xiliary variable, data dependencies make parallel execution impossible. In other
words, the algorithm had to be slightly changed to enable the parallel animati-
ons. The parallel operator automatically creates, starts and synchronizes Java
threads for each of the two blocks.
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3.5 Test of Invariants

To understand an algorithm it is often necessary to look at properties, which
are true for all program states at certain program points. In our framework
the developer of an animation can provide a hypothesis and have it checked at
certain program points. In the following example the so-called heap property is
checked for a part of the heap sort algorithm:

*IV(a[i]>=a[2*i+1] && a[i]>=a[2*i+2])
*{

// part of the heap sort algorithm
*}

If the expression is an invariant of a program point, then it should never yield
false when this program point is executed. If a block is annotated with such an
expression, the user will see which program points change the program state such
that the invariant is violated, and which program points reestablish the invariant.
In addition the user can formulate hypotheses at run time and have them tested
by the system. In doing so it is sometimes necessary to invoke complex functions,
which have been programmed by the developer of the animation. As it does
not make sense to enable the user to invoke every function of the program,
the developer can annotate those functions with interactive which should be
accessible through the GUI at run time.

interactive boolean heapProperty(a,i) {
// checks the heap property
return a[i]>=a[2*i+1] && a[i]>=a[2*i+2];

}

Invariant visualization in GANILA is an example of state mapping [5], i.e.
the visualization is not triggered at certain program points through events, but
the view has direct access to the program state and automatically adapts its
visualization whenever the state changes.

3.6 Break and Backtrack Points

Program points can be marked with *BREAK in the GANILA code or through the
GUI at run-time as break points. When the execution of the algorithm reaches
this program point, the execution is paused and the user can investigate the
current state, continue with the animation, or trace it step-by-step.

Backtrack points are marked with *SAVE. When the execution of the algo-
rithm reaches such a program point, the current state is copied to the history.
Backtrack points are a means to implement reverse execution of the algorithm
or repeated execution from a certain point with changed settings. Another way
to repeat the execution is to replay all interesting events. This is a more time-
consuming, but less memory-consuming alternative provided by the system.
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4 Mixing Live and Post Mortem Visualization

In addition to sending events to all registered views the control object can record
all events and resend them later. In this case the event handling routines of
each view produce no graphical output, but can change some internal state and
defer the graphical output until the event is resend. In this section we look
at those constructs of GANILA which enable mixing of live and post mortem
visualization.

4.1 RECORD/REPLAY

The GANILA code below shows how to annotate the algorithm to enable post
mortem visualization. In

*RECORD;
// annotated program code, e.g.
// for the generation of an NFA from a regular expression

*REPLAY;

By default algorithms are executed in PLAY mode. In this mode all interesting
events are immediately executed. The instruction *RECORD selects the RECORD
mode. In this mode all interesting events are not executed, but stored by the
control object in their dynamic order. The instruction *REPLAY first executes all
recorded events. Then it switches into PLAY mode.

Many naive post-mortem visualization systems work like this. They just re-
play recorded events. Although they actually know the whole story before they
even draw the first line, they do not exploit this fact to improve the visual output.

To enable views to interpret interesting events being fully aware of what
events will occur next, the control also forwards events in RECORD mode to
all views, but the views are only allowed to modify their internal state, but no
graphical output must be produced. This must be deferred until the recorded
events are resend.

The *RECORD/*REPLAY mechanism allows to mix post mortem and life/online
algorithm animation. This is a feature not present in any of the algorithm ani-
mation systems we are aware of.

4.2 Foresighted Graphlayout

Often animations of algorithms which change graphs are confusing because they
add or remove nodes and edges, and as a consequence the layout of the whole
graph is recomputed. In the new layout nodes are drawn at new positions, and
a smooth animation called morphing moves nodes from their old to their new
positions. Such animations are often nice to look at, but for the user it is not
apparent which modifications are due to the animated algorithm and which are
due to the drawing algorithm. GANILA supports mechanisms for foresighted
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Fig. 3. Ad-Hoc (upper row) and Foresighted Graphlayout (lower row) animating the
generation of finite automata

layout, i.e. a graph is drawn exploiting information about subsequent changes of
the graph [7].

Figure 3 illustrates how the mechanism can be used to animate the generation
of a nondeterministic finite automaton from a regular expression (RE→NFA).
The GraphView automatically uses Foresighted Layout when events are recorded
and replayed. In the upper row three generation steps are shown using a usual
graph drawing algorithm; in the row below Foresighted Layout is used. Without
Foresighted Layout it is difficult to see which nodes and edges are added or
removed at each step.
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4.3 Controlling the Visualization of Loops and Recursion

Often interesting events are placed within loops or recursive method invocations,
e.g. when a list is traversed by an iterative sorting algorithm like insertion sort
or a recursive sorting algorithm like Quicksort. If the iteration or recursion is
part of a larger algorithm, it can be annoying that all iterations or invocations
are visualized. For the user it could be very boring to watch 100 iterations and
it could be sufficient for understanding the algorithm to see just the last three
iterations. Our solution to this problem is based on recording all and replaying
only certain events at the end of the loop or recursion. To enable such a selective
visualization GANILA allows to annotate Java’s loop statements (do, while,
for) with visualization conditions. These are written within brackets following
the loop condition:

for(int j=0;j<100;j++) [$i>=$n-5] { foo(j); }

The animation of the execution of the above example program will only
visualize the last five invocations of the function foo(). Here the variable $i
denotes the number of the current iteration and the variable $n the maximal
number of iterations of the respective loop. Note that both values can only be
computed at run time.

Analogous to the annotation of loops recursive method invocations can be
annotated. Here the variable $i represents the current depth and the variable
$n the maximal depth of the recursion.

Animation control for loops and recursion first records all events until the
last iteration or recursion is reached. Then it know the value of $n and can resend
the relevant events.

5 Example: Animating the Computation of Least Upper
Bounds

To illustrate the advantages of mixing live and post mortem visualization we
look at an algorithm for computing a complete semi-lattice given a set of pairs
of integers. A complete semi-lattice contains for each two pairs (a, b) and (a′, b′)
their least upper bound (max(a, a′),max(b, b′)). An example animation for the
set {(2, 1), (3, 1), (1, 4)} is shown in Figure 4. After step 10 the user adds inter-
actively the pair (1, 2) to the initial set of pairs. To produce the animation we
record all events before the user interaction. Then we replay these using adhoc
(upper row) or Foresighted (lower row) Layout. Now the user sees the actual
state (step 10) and can change the state before the animation continues. In this
example we actually only need the simplest version of foresighted layout. In the
adhoc layout at almost every step nodes and edges change their positions; in-
termediate morphing animations help the user keep track of the mental map.
Using Foresighted Layout this is only the case between step 10 and 11, because
we cannot foresee the result of the user interaction. At all other steps no position
changes of nodes and edges take place. At step 21 only an edge between the pair
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Fig. 4. Adhoc (upper row) and Foresighted Graphlayout (lower row) animating the
computation of least upper bounds

(1, 2) and (2, 4) is added. As a consequence adhoc layout changes the position
of almost every node, whereas Foresighted Layout just adds this edge.

6 Conclusion

A prototypical implementation of the compiler, as well as interactive animations,
which have been produced by the compiler (e.g. heap sort, and the generation
and computation of finite automata) are available. More information about the
GANIMAL project, as well as more examples can be found online [12].
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Abstract.

Each object in an object-oriented program can correspond to one abstraction in the pro-
gram’s design. This correspondence makes visualising object-oriented programs easy:
simply render each object in terms of its corresponding abstraction. Unfortunately,
the endemic aliasing within object-oriented programs undermines this scheme, as an
object’s state can depend on the transitive state of many other objects, which may be
unknown to the visualisation system. By analysing programs to determine the extent
of aliasing, we can construct visualisations to display aliasing directly, and can provide
support for more abstract visualisations.

1 Abstract Program Visualisation

Consider the program visualisation shown in Fig. 1. This is a very simple visuali-
sation of a collection abstraction, a sequence of some kind, showing the elements
in the sequence but no information about they way the collection is implemen-
ted. These kinds of views are very simple to construct for programs written in an
object-oriented programming language. According to the Abstraction, Program,
Mapping, Visualisation or APMV model of visualisation:

The pictures we need to draw correspond to the abstractions in the design
which are the objects in the program [33].

Fig. 1. A Sequence Visualisation
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This correspondence between abstractions in the target program’s design
and objects in the program’s implementation provides the main advantage of
the APMV model: that the target program’s design abstractions can be visua-
lised without the program being modified or annotated, or the implementation
details of abstractions being exposed to the visualisation system. An APMV
visualisation system produces abstract visualisations top down — working from
explicit definitions of abstractions in the program rather than their implementa-
tions. This is in contrast to most other software visualisation techniques, which
work bottom up, using programmer supplied annotations, [7,43], procedures [27]
or mapping rules [25,11,12] to extract abstractions from their implementations
[32].

This technique, as embodied in the Tarrainǵım (from the Gælic to draw)
visualisation system [32,33,34,29] can produce both algorithmic visualisations
and data structure visualisations. This is because the abstractions making up
a program’s design, and the objects implementing those abstractions, may be
algorithms, data structures, or any combination of the two. Again, this is in
contrast to most other program visualisation techniques, which tend to be biased
towards producing either data structure or algorithmic visualisations.

For example, Fig. 2 shows how Tarrainǵım can visualise a simple object (a
set implemented using a binary tree, in fact the treeset object from the Self
programming language library [46]) in a number of different ways at different
levels of abstraction. Clockwise from the centre, this figure shows an iconic ob-
ject browser, where each icon represents the contents of one of the set object’s
variables, bar graph and textual views of the set as a collection, a view of the
set as an sequencable collection (the elements are sorted), and a view of the
underlying tree implementation.

Fig. 2. Tarrainǵım abstract views

Fig. 3 shows a number of Tarrainǵım visualisations of the Quicksort algo-
rithm. Clockwise from the centre, this figure shows classic BALSA style dots
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and bars views of the array being sorted, the recursive call tree of Quicksort in-
vocations, Quicksort’s partitions (a curve connects the bounds of each partition
with the elements imagined across the bottom of the view), a simple vector view
of the elements, and a trace of the algorithm’s operations.

Fig. 3. Tarrainǵım Quicksort views

Tarrainǵım is written in the prototype-based object-oriented language Self,
and uses the features of that language to access and monitor the objects making
up the program [29]. In Tarrainǵım, abstract data is retrieved from objects top
down, by sending accessor messages through objects’ interfaces which return
that information. Because the data returned is abstract and independent of a
particular implementation, the program visualisation system does not have to
read the target program’s memory directly, and does not have to reinterpret any
implementation data structures. Similarly, because objects’ implementations are
encapsulated behind their interfaces, all operations upon abstractions must be
performed through their interfaces. By monitoring the object’s public operations,
Tarrainǵım is assured of monitoring all the computation performed in the context
of the design abstraction which that object represents.

Fig. 4 illustrates top-down visualisation of a collection that is implemented
by a linked list. The view sends messages to the list object to access data,
and monitors the messages the list receives from other objects in the program.
The view is unaware of the list’s implementation, in particular its internal link
objects. The list object could be changed (say to a vector that stores elements
using an internal array) without affecting the visualisation, providing the list
and vector supports the same collection interface.
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received at interface
to detect changes

List

Link Link Link Link
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to access data
through interface

monitor messages

Fig. 4. Top Down Visualisation

Top down visualisation has many advantages. It can produce high-level views
because it interacts with the program at an abstract level, by sending and mo-
nitoring messages to objects. Because views are coupled to objects’ interfaces,
rather than implementations, visualisation programmers need only know how to
use the objects they are visualising, not how to implement them, and so do not
need to annotate code or analyse data structures within objects’ implementati-
ons. Because they respect objects’ encapsulation, views can be reused to display
any object that implements the required interfaces.

2 Aliasing in Object-Oriented Programs

While effective for visualising many smaller programs, this technique is undermi-
ned when dealing with larger object-oriented programs. The root of the problem
is object identity, one of the foundations of object-oriented programming.

Objects are useful for capturing programmers’ intentions to model applica-
tion domain abstractions precisely because an object’s identity always remains
the same during the execution of a program — even if an object’s state or be-
haviour changes, the object is always the same object, so it always represents
the same phenomenon in the application domain [22,31]. Unfortunately, object
identity admits a number of problems due to aliasing — a particular object can
be referred to by any number of other objects via its identity [19]. The problems
arise because objects’ states can change while their identities remains the same.
A change to an object can therefore affect any number of other objects which
refer to it, even though the changed object may have no information about the
other objects.
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2.1 Aliasing Shadows

Aliases can cause problems for the APMV visualisation scheme whenever a pro-
gram abstraction is implemented by more than one object in the target program.
That is, when there is one aggregate object representing the whole of an abstrac-
tion, providing an interface to it, and containing one or more other objects
implementing the abstraction. We call the objects implementing the aggregate
object the members of the aggregate object’s aliasing shadow1. An APMV vi-
sualisation depends upon all the objects in the shadow, not just the main object
providing an interface to the abstraction being displayed.

Link Link Link

Element Element Element Element

List

Link

Fig. 5. A linked list and its shadow

For example, consider an object implementing a simple linked list (see Fig. 5).
The linked list object is an aggregate, and its shadow contains a doubly-linked list
of link objects and the list entry objects actually contained in the list. Although
the visualisation system does not access these objects directly (indeed, it may not
even know of their existence) the abstract visualisations it produces do depend
on these shadow objects.

Aliasing causes problems whenever references cross the boundary of an ag-
gregate object’s shadow. Messages can be sent to that shadow object via the
alias bypassing the aggregate, and modify the state of the subsidiary objects,
and thus of the whole abstraction implemented by the aggregate object. Be-
cause these messages were not sent to the aggregate object itself — the object
actually representing the abstraction — the visualisation system will not detect
this message, and so will not be able to produce any change required in the
visualisation.

Considering again the linked list, if references to the link objects or the list
entries exist outside the linked list collection object (that is, if there are aliases)
the contents of the list can be modified by sending a message directly to the link
objects, without sending a message to the linked list collection itself.
1 An aggregate object’s shadow is similar to Wills’ demesnes [48].
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2.2 Types of Aliases

Aliasing problems arise in object-orientated programs because the encapsula-
tion boundary enforced in programming languages does not correspond to the
abstraction boundary intended by the programmer [18,31]. While an abstract
visualisation can be designed to display the intension of an abstraction in a
program’s design, its extension as actually implemented in objects in a program
can be crucially different.

Aliases can cross abstraction boundaries either inwards or outwards. An in-
ward alias (e.g. a pointer from outside the linked list directly manipulating a
link) obviously breaks encapsulation: indeed, such an alias is the symptom of the
well-known problem of representation exposure — an aggregate’s representation
is exposed outside the scope of its implementation [23]. Given representation
exposure, an external piece of code could change the fields in the link object,
easily breaking the invariants of the list and causing the program to crash or
loop. Such a change cannot be detected by a visualisation system monitoring
the linked list object alone.

Less obviously, outward aliases (e.g. the pointer from the link node objects to
the list entries) can also cause problems: this is known as argument or external
dependence [31]. An external alias to the entry could change the entry’s value,
bypassing the list object itself and thus the visualisation. If external objects’
values are part of an aggregate’s invariant (say the list is supposed to be sorted)
and those values can be changed, then such a change can also break the program.

It is important to realise that not all aliases in object-oriented programs are
malign, or at least cause problems for the APMV visualisation model. Rather,
only those aliases which cross boundaries into or out of an abstraction’s shadow
are problematic. An aggregate object (such as the linked list object itself) can
be aliased externally multiple times — this will not cause any problems for a
visualisation of the linked list, provided none of the aliases directly access the
links or entries in the list. Similarly, there may be many aliases internal to the
list aggregate — in a doubly-linked list every link is by definition aliased — but
these do not cause problems unless they reach outside the aggregate.

To summarise, we can classify aliases depending upon whether they start and
end inside or outside an abstraction, as shown in Fig. 6.

Source
in out

Destination in internal representation
alias exposure

out external external
dependence alias

Fig. 6. Categories of Aliases



64 J. Noble

2.3 Modelling Aliasing

To address these problems, we have developed a model of aliasing in object-
oriented programs, based on the idea of object ownership [40,10]. Our model
treats object-oriented programs as directed graphs, where objects are the nodes,
and interobject references (objects’ variables) are the edges. Every object graph
has a root node r representing the garbage collection roots — in Smalltalk the
object “Smalltalk”, in Eiffel the main class, in C++ and Java the main thread.

Given an object graph, we say one object a owns another object b if and
only if every path from the root to b includes a [40]. Ownership gives a simple
definition of the interior and exterior of an object. The interior of a is the set
of objects a owns — that is, all objects reachable only via a and that would be
garbage if a was deleted2. The exterior of a is all objects that are not a and are
not in the interior of a. Ownership has the important property that if a owns b
then an object in the exterior a can never have a reference to b: such a reference
would mean that there was a path from the root to b that did not include a.

2.4 Ownership Trees

Ownership is transitive — if a owns b and b owns c then a also owns c and
anything else owned by b [40]. Each object has a unique immediate owner, and
then a hierarchy of more rarefied transitive owners. For an entire program, every
object can be arranged into an ownership tree with root r, where every object’s
parent is its immediate owner.

For example, Fig. 7 shows the ownership tree within two doubly-linked lists
that share entries. The root r owns all other vertices trivially since every path
from the root includes the root. Each list (a,b) owns their respective link objects
(an,bn) because every path from the root to the link objects includes the list
object. Since the data ci is accessible from both lists, it is not owned by either
and is promoted to the root. Note that there is not necessarily an edge in the
object graph between a parent and a child object in the ownership tree. For
example, list a owns the link object a3 but there is no edge between a and a3.
This definition also accounts for cycles in the graph, such as the double links
within the linked listed.

In graph-theoretic terminology objects’ owners are known as articulation
points or dominators [2,26]. Dominators and dominator trees are widely used
to analyse control flow graphs in compiler theory; Potter, Noble and Clarke [40]
recognised the use of ownership to identify structure in programs’ object graphs.

2.5 Ownership, Encapsulation, and Aliasing

Ownership is important because it models the extent of encapsulation within
object-oriented programs [40]. The key property of ownership is that if a owns b

2 The interior of an object is similar to the objects in an Island [18], Balloon [1]
Confined Type [5], or Ownership Type [10].
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Fig. 7. Two linked lists sharing data

then all references to b must pass via a: the corollary to this is that no references
can reach b from the exterior of a. That is, a encapsulates b, so b cannot be
aliased outside a. So long as an object’s representation is part of its interior, its
representation cannot be exposed.

Ownership also models external dependence. In an ownership tree, an object
is directly owned by only one object, so shared external objects must be promoted
to more senior positions in the ownership tree — that is, they must be closer
to the root than any of the objects that refer to them. The sharing scope of
an object is the object’s level in the ownership tree. Hence, an ownership tree
provides information about the level of aliasing of the objects that it describes.
This is why the shared ci objects are owned by the root in Fig. 7.

2.6 Visualising Aliasing

We have designed and implemented a visualisation of the ownership trees in Java
programs [17,16]. Our layout for a single ownership tree rooted at a stack frame
is shown in Fig. 8, for the object graph from Fig. 7. This visualisation exhibits a
more obvious tree structure and requires significantly less space than the layout
in Fig. 7.

In this visualisation, rectangular icons represent objects; each object can be
labeled with an individual name or the name of the class to which it belongs. An
ownership bar extends horizontally from the top of every aggregate object, that
is, every object that owns at least one other object. The interior of an object
(that is, all the objects that are encapsulated within that object) is displayed
under their owner’s ownership bar.

Arrows between vertices represent interobject references. References to a
child or an ancestor are denoted by an arrow pointing to or from an owners-
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Fig. 8. Ownership Tree Visualisation

hip bar. In the example, r refers to a and b, a refers to a1 and a4 and b refers to
b1 and b4 in this manner. We call these references inline references.

References to the child of an ancestor cannot be displayed inline and so
extend below the tree. To show such references, we introduce anchor symbols.
An anchor for an object a is a global point for references whose destination is
a. In the visualisation, an anchor for an object is represented by a small square
some distance directly below that object. If an object b refers to a and cannot
use an inline reference, the visualisation will show a corresponding arrow from
b to the anchor of a by first moving vertically to the height of the anchor, then
moving horizontally to the anchor. In the example, a1 refers to a2 and c1 in
this manner. We call these references baseline references. An anchor is allocated
to any object that has an incoming baseline reference from any other object.
We also use director symbols — small triangles placed at the intersection of the
vertical line from the source and the horizontal line to the anchor. The director
helps avoid ambiguity as well as indicating the direction of the anchor.

One of the most important practical advantages of ownership tree visualisa-
tions is only shown implicitly in Fig. 8: simply, that the visualisation’s layout
is a tree. While graphs are notoriously difficult to lay out [3,35,44], tree layouts
such as our visualisation can be laid out mechanically. In practice, this means
that visualisations can be produced automatically, without requiring any user
interaction to place nodes, and can scale up to visualise large systems [15].

Because the ownership tree models encapsulation, the ownership structure
below an object cannot be accessed from outside that object. The user can choose
to collapse the children of an object, presumably if the interior of that object is
not important in the current view of the object graph (see Fig. 9). Any node in
the graph can be collapsed: an entire stack, for example, can be collapsed as a
unit, hiding all trees rooted in that stack. Because of the property of ownership
trees that references cannot break into objects’ interiors, collapsing a node can
only ever hide that node’s internal structure: it can never lose information about
outside references. When an object is collapsed, all references to or from a des-
cendent will be visualised as if it were a reference to or from the closest visible
ancestor of that child. We call these indirect references, and change the colour
of the director. For example, Fig. 9 how linked list nodes can be collapsed in a
visualisation. There is an indirect reference between the lists and the element
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objects they contain, indicating that the lists can access the elements, but do
not do so directly.

Fig. 9. Two linked lists with internal nodes collapsed

2.7 Alias-Aware Abstract Visualisations

Our ownership tree visualisation is a low-level visualisation that works bot-
tom up, determining and displaying the implicit structure of aliasing in object-
oriented programs. Unlike abstract visualisations, ownership tree visualisations
do not make any attempt to display programmers’ intentions. Also unlike ab-
stract visualisations, ownership tree visualisations do not have any problems
with aliasing — rather the reverse: the ownership tree makes any aliasing in the
program explicit.

We are developing techniques to use the aliasing information from ownership
trees to support abstract visualisations. The key here is the difference between
an aliasing shadow (the set of objects upon which a visualisation of some aggre-
gate object depends, §2.1) and an aggregate object’s interior (the set of objects
reachable only via that aggregate, §2.3). If an object’s shadow is completely
contained within that object’s interior, then there can be no aliasing problems
affecting an abstract visualisation: the only way the object can be changed is
via messages sent to its interface.

On the other hand, if an object’s shadow is partially or completely outside the
object’s interior, then the object is susceptible to modifications of the external
shadow objects3 via aliases. Once we have identified these objects, we can ensure
that they too are monitored by the visualisation system. In this way we can
detect changes to aliased objects which may affect the visualisation, and ensure
that the visualisation is updated appropriately. We are using currently dynamic
analyses to determine objects’ interiors and shadow sets [30], however, we are
also interested in developing suitable static analyses, such as that for Confined
Types [13].

For example, consider for the last time the doubly-linked list in Fig. 10. Both
link and list element objects are part of the lists shadow: all these objects are
required to produce an abstract visualisation such as that in Fig. 1. The link
objects are also part of the linked list’s interior, that is, they are not aliased
outside the list (there is no representation exposure). In contrast, the elements
3 We call the part of the shadow in an object’s interior the umbra, and the part of the

shadow outside the object the penumbra [30].
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are aliased externally, perhaps they are members of other lists (external depen-
dence). In this situation, both the linked list object and the list elements must
be monitored to produce a correct abstract visualisation.

Link Link Link

Element Element Element Element

List

Interior

Shadow

Link

Fig. 10. Shadow + Interior

3 Alternative Approaches

Given the success of object-oriented programming, and the endemic nature of
aliasing within object-oriented programs, it is perhaps surprising that more work
has not dealt directly with visualising aliasing. It is important to realise the
problems we have described in this chapter come from the interplay of aliasing
and abstraction: many alternative approaches to visualisation avoid one or both
of these concerns.

For example, a large majority of visualisation systems for object-oriented pro-
grams produce only low-level views of individual objects — that is, they avoid
abstraction. For example, graphical debuggers such as the Smalltalk Program
Explorer [4] and DDD [49,50] have gained some practical use, while the IBM
program explorer and the Self programming environments were similar rese-
arch systems [20,21,38,42]. Incense [27] produced displays of records and pointer
structures even before object-orientation became widespread.

More recently, several visualisations have been designed to display the be-
haviour of large numbers of objects simultaneously. Systems such as the Object
Visualizer, the Interaction Scenario Visualizer, and J-Insight can display details
of object creation and deletion, method invocation, and analyse recurring pat-
terns within programs’ execution traces [20,36,37]. The more flexible of these
systems require programmers to annotate programs in advance, describing the
abstractions they contain and identifying the implementation components whose
behaviour should be monitored to produce the visualisations [41,47]. Most of
these systems focus on programs’ execution behaviour rather than relationships
between objects. Notable exceptions include Super-Jinsight, which can display



Visualising Objects: Abstraction, Encapsulation, Aliasing, and Ownership 69

objects referred to or referring to a selected object [36,37,39], and the extended
DDD system which uses Sugiyama4 to display the entire graph [50].

Abstract visualisations are generally the province of algorithm animation
systems, such as the paradigmatic BALSA [7], its offspring POLKA [43], and
more recent systems such as Pavane [11], Leonardo [12], Jeliot [14], or Jcat [8].
While such systems can produce abstract views, they do so by working bottom
up, relying on code annotations or reverse engineering of data structures to
build up abstract information out of concrete implementations. Inasmuch as
these systems deal with aliasing, they place the responsibility squarely onto the
programmer of the visualisations: the annotations or data structure mapping
rules must encompass the whole shadow of the aggregate objects to be visualised.

Visualisation systems based on constraint languages such as FORMS/3 [9],
Garnet [28], or Animus [6] can also produce abstract visualisations by working
bottom-up, however they can often deal with aliasing more easily than visua-
lisation systems for traditional imperative or object-oriented languages. This is
because imperative constraint languages automatically accumulate dependencies
for constraint expressions so that they can be maintained when input variables
change. This means they must compute the shadow of an aggregate object, and
will monitor it against changes due to aliasing — even if the shadow is completely
encapsulated within the object’s interior, when such monitoring is unnecessary.
Of course, constraint maintenance imposes a pervasive cost on programs, so con-
straint languages are not as ubiquitous as object-oriented languages. Constraints
can also be used to connect visualisation systems to imperative languages [24].
The Leonardo system for example, runs programs with a sophisticated reversi-
ble C interpreter and uses a Prolog-like constraint language to produce graphics
[12]. Finally, visualisations can be constructed of programs in functional langu-
ages such as Haskell and Miranda. Unlike object-oriented languages, functional
languages maintain abstraction but eschew object identity and its concomitant
mutable state, and so are effectively immune from these kind of aliasing pro-
blems.

4 Conclusion

Object-oriented programming is based on the conceit that objects represent con-
cepts in the “real world”. This leads to two fundamental principles: abstraction
(objects represent abstract concepts modelled by their interfaces, rather than
rather than the code in their implementation) and identity (objects remain in-
dividually distinguishable as their states change throughout the program).

The abstraction afforded by objects facilitates abstract visualisation: we can
display the concepts represented by objects by monitoring and sending messages
via objects’ interfaces. Unfortunately, object identity undermines this model: be-
cause objects can refer to other objects and object’s states can change, aggregate
objects can be changed implicitly, without messages crossing their interfaces.

4 “An algorithm, not a person” [45]
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Object ownership can help resolve these problems. By modelling the aliasing
structure of an object-oriented program, an ownership tree can identify the im-
plicit encapsulation and containment relationships latent within the program.
Visualising an ownership tree can make these implicit relationships apparent.
By comparing objects’ aliasing shadows and their interiors, we can determine
which objects may be affected by aliasing and ensure that changes caused by
aliasing are reflected in abstract visualisations.
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Abstract.

Successful algorithm visualization inherently provides a high level of abstraction, supplying an
extra information on the semantics that is behind the code. The postulate of designing highly
abstract visualizations is stated as being in a deep contradiction with postulate of automation of
the designer’s work. The goal of the presented work is partial reconciling these two
contradicted postulates. Some elements that significantly increase the level of abstraction may
be introduced to the visualization in a strictly automatic mode. To obtain this result, an original
method of algorithm animation based on data flow tracing is proposed. Its key idea is to acquire
information by observing elementary operations of data flow. For dynamic analysis of non-
local flows Petri net formalism is used. The new method has been successfully applied in an
algorithm animation system Daphnis.

1   Introduction

The comprehension of the way, in which algorithms work, is one of the most
significant requests pointed before software designers. It is an essential part of both
education and engineering practice in computer science.

The way in which an algorithm is written has a great influence to the degree how it
can be understood. The notation in a formal programming language is most precise,
but, in the same time, worse adapted to the human system of perception [5]. It does
not support the process of comprehension of an algorithm by a human being. A
description in a natural language is not much better: both methods of description are
textual; they present the described object analytically, step by step, but to support the
synthetic sight, essential for the comprehension of the problem, it is necessary to get a
pictorial description, which is much closer to the human perception model.

Software visualization [21] is a technique that supports human understanding of
computer software applying various, but primarily pictorial, means of expression.
These means are what we call multimedia. If the subject of such visualization is an
algorithm, and computer generated animation is essential for its realization, we say of
algorithm animation.

The quality of a visualization – readability, comprehensibility, clearness – is influ-
enced by several factors. One of them is the capability of creating projections at a
high level of abstraction [19][22]. It is crucial for human understanding of the
software. Visualizations that provide high level of abstraction go beyond isomorphic
mapping data structures (or code) to graphics. They supply an extra information on
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the semantics that is behind the code, present neither in the executed program nor in
its data; it is user-conceptualized information of what is important. This information,
called the intention content [22], supports human understanding of the software.

Another factor, that is not so important for the observer, but it is crucial for the user
who creates a visualization (the visualizer), is the level of assistance and automation
offered by the system. It is provided in the visualization systems in various form: from
manual preparation mode with little or no assistance to solutions that are fully automated.

By most authors the postulate of providing high level of automation is stated as
deeply contradictory with the postulate of obtaining high level of abstraction
[17][18][19]: the more abstract a visualization should be, the less use of automatic
facilities may be achieved to create it, and vice versa.

The method proposed in this paper is a means for partial reconciling the two
contradicted postulates. It does not make visualization preparation fully automatic: it
just introduces some elements that make the level of abstraction higher without any
additional effort of the visualizer.

2   Related Work

Many efforts have been done to classify software visualization tools. One of the first
attempts was a six-category taxonomy made by Myers [14]. He developed his
classification using two axes: the level of abstraction (whether the systems illustrate
the code, data or algorithm of a program), and the level of animation in their displays
(whether they are static or dynamic). This resulted in a two by three grid. Stasko and
Patterson [22] introduced scaled dimensions in their four-category taxonomy covering
aspect, abstraction, animation and automation. Price, Small and Baecker have
proposed the most detailed and comprehensive taxonomy [17]. Their classification
involves 47 categories, grouped in six main super-categories: scope, content, form,
method, interaction and effectiveness.

One may notice that in most classification systems abstraction plays important part.
Let us review software visualization packages with focus on their level of abstraction
in conjunction with their degree of automation.

A pioneering Brown and Sedgewick’s BALSA system [2] (with its successor, Zeus
[1]) has become a benchmark against which all subsequent systems have been
measured. The level of abstraction is high, the visualizer may  generate a great deal of
the intention content, but the mode of preparation is basically manual, without any
strong automated tools. Stasko’s Tango and XTango [20][23] systems, as well as their
successors like Polka, may provide even higher level of automation with relatively less
effort of the visualizer. An external specification of visualization has been applied, that
aids generating abstractions: the animation effects that represent algorithm’s operations.
Thanks to an original path-transition paradigm [24], providing smooth animation is
relatively easy. The designer’s activity is more comfortable, but still all the abstraction
concepts have to be programmed manually. The Animus system (by London &
Duisberg [4]) is a mile stone in the history of visualization systems thanks for its
declarative form of visualization specification, that does not involve any modification in
the source text. The level of abstraction obtained is however low and there are no
automatic facilities that would support it. Another declarative system is Pavane
[12][16]. It provides tools for generating high-level abstractions; they are not automatic,
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but they are powerful and in the same time relatively easy-to-use. Another example of a
declarative animation system is Leonardo [3].

On the other end there is a number of systems that provide partial or full
automation, but they produce simple visualizations, with low level of abstraction. In
the Siamoa system [9] simple visualizations may be produced in a partially automated
way; they provide low level of abstraction. It is also possible to achieve higher level
of abstraction, but it involves handcrafted, manual design. To this group belongs also
an early Incense system created by Myers [15]. Its modern successors may be found
in commercial software developers’ packages, in form of semi-graphical watch
windows and source text browsers.

An interesting middle-point is UWPI system [13], that could automatically
visualize abstract data structures. It contained a set of schemas and rules to be applied
to the actual data structures. A special inferencer unit recognized and analyzed data
structures and proposed plausible abstractions, depending on set of operations
detected during this analysis. Another unit, layout strategist, created final graphical
representation. The system was not competitive to the leading solutions in the field of
abstraction, but the level of automation was impressive: it dramatically outstands
other automatic systems. The system is not developed further because of financial
reasons.

This short review seems to confirm the general contradiction between automation and
abstraction (maybe with exception of UWPI). What lacks the software visualization
systems, is the ability to create abstractions automatically. Price, Baecker and Small made
of this ability one of the 47 categories in their taxonomy, calling it intelligence.

3   Three Postulates of Successful Algorithm Animation

Looking for a model of algorithm animation that involves some basic level of
abstraction, a principal postulate of successful visualization has been formulated:
illustrating the data flows. Further research led to another two postulates. All these
three postulates correspond to the aspects of abstraction that have been stated
previously. Below they are discussed in detail.
Postulate of illustrating data flows: visualization should apply smooth animation to
render operations of data flow, which occur during the process of algorithm
execution. A good visualization has to illustrate not only the states a program reaches
during execution but also how the transformation between the states occurs. A way to
obtain this is a visualization in which the graphical representation of data is smoothly
animated from the place representing its source location towards the place
representing its destination. It passes through a series of in-between positions that
have no correspondence to the actual state of neither the program nor its data.
Therefore the graphical objects do not represent variables, but rather its persistent
contents flowing from one location to another.
Postulate of spatial suppression of information: visualization should suppress
information concerning some variables considered to be unimportant. A visualization
that conforms this postulate has for its subject an implementation of the algorithm
different then the actual one, as it contains less number of variables (and data flow
operations). Suppressed are those elements, which do not support understanding of
the algorithm. Ignoring some variables would often lead to ceasing the coherence of
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the global image of data flow in the program. Often variables supposed to be
unimportant make an intermediate stage of a wider data flow that begins and ends
inside the user’s area of interests. It involves the need of reconstruction of broken
multi-stage data flows. Such data flows should be glued so that, if possible, long-
distance, single flows are formed, in which both source and destination variables are
important – from the user's point of view.
Postulate of temporal suppression of information: a part of information concerning
ordering in time of elementary data flow operations should be removed from the
projection. Especially, some operations that are actually executed sequentially may be
rendered as if they were executed in parallel and synchronously. The sequential
program is an overspecification of the algorithm. Thus, the rendered realization of an
algorithm differs from the one actually applied in the visualized piece of software.
The detailed information about time ordering of operations, that are independent and
executed in short period, often not only gives no support for algorithm understanding,
but – on the contrary – it draws the observer's attention away from other, much more
important elements of the projection.

The above three postulates may be illustrated using an example of the operation of
exchange of two values (fig. 1). A simple, static visualization shows the state before
and after the operation, giving no directions on how it was performed (fig. 1a). An
animation that uses first postulate (illustrating data flows) gives information on what
happens: what is source and destination of data. An animation made in accordance
with all three postulates (fig. 1c) hides unimportant details (an auxiliary variable,
order of assignments) and shows what is most important: an exchange of two values
as it was a synchronous, symmetric process. It is closest to intuitive meaning of an
“exchange”, with all the implementation details hidden.

Satisfying all the three paradigms involves some level of abstraction. Most existing
visualizations go in this direction; good examples may be numerous animations of
sorting algorithms: elementary exchange operations almost always are illustrated as
symmetric and synchronous processes of moving graphical objects, without use of
any auxiliary variables. In the systems existing so far, obtaining such a visualization
involves an a priori, handcrafted design. The proposed method for algorithm
animation, described below, allows obtaining such visualizations automatically.

4   Data Flow Driven Method of Algorithm Animation

The method of algorithm animation based on data flow tracing allows obtaining
visualization that satisfy all the three postulates mentioned in previous section in a
way strictly automatic. In general, it is based on some instruction scheduling features.
This method is an essential part of the research presented in this paper.

4.1 Data Flow Driven Animation Engine

The process of algorithm execution or, to be more precise, of execution of a program
that realizes an algorithm, may be effectively described as a sequence of data flows.
This should not be confused with a description of an algorithm itself; this model tells
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only what happens during a program execution and may not be used as a tool for
algorithm specification. The crucial terms are:

Variable – an entity with attributed name and type, and optionally a value. A variable
is called valuated if it has a value.

Valuating a variable – giving a variable a (new) value. Normally variables have no values
before they are valuated for the first time (exception: variables keeping input parameters).

Data flow – a phenomenon that causes valuating a destination variable with a value
defined by a set of zero or more source variables. During a typical program execution
the set of valuated variables extends while consecutive data flows occur.
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Once the process of algorithm execution may be described in terms of data flows,
it is possible to outline a data-flow-driven algorithm animation engine. This engine
satisfies the postulate of illustrating data flows.

Traditional debugging and visualization tools obtain data from the observed program in
shape of a stream of information that concerns consecutive changes of values of the
observed variables. In the proposed engine, this is rather a series of information on
elementary data flow operations that form the input data stream for the system.

The animation is kept in movement by a series of consecutive calls to routines
reporting elementary data flow operations. Before any variable is visualized, it has to
be registered to the system, so that it may be identified and inspected. When the
visualization ends, the variables should be unregistered. This has to occur before the
variables cease to exist. This constitutes the three basic function calls to the engine,
called Play, Register and Unregister. They make the only functions, with which a
source text of program being visualized has to be annotated.

To prepare a visualization, it is necessary to supply an external configuration
script, which specifies graphical representation and rules of translation for all the
variables to be visualized.

The attributes of the image may depend on the value of a variable or on its address.
During the data flow driven visualization, the graphical elements are connected rather
with values stored in variables, not with variables. During a typical data flow
operation, this is not only the value, that changes, but also the address of this value. In
the discussed engine values are represented by size and shape of corresponding
graphical objects, while their addresses are represented by placement on the screen.
Thus, change of value of a variable is rendered as a deformation of its graphical
representation, while change of address of a value (a data flow operation) is depicted
as a movement of a graphical object from the position representing the source address
to the position representing the destination address. In simplification, the value may
be connected with ‘width’ or ‘height’ attributes of a graphical object, while its address
is connected with ‘x’ and ‘y’ attributes.

4.2   Petri Nets Applied to Describe Algorithm Behavior

The engine proposed in previous subsection meets the first of the three postulates of
successful algorithm animation: illustrating data flows. To meet the two other
postulates, i.e. spatial and temporal information suppression, the Petri net formalism
has to be applied to describe the process of algorithm execution.

An algorithm execution process may be described with a Petri net in which places
represent variables, and transitions represent elementary operations of data flow. An
example is shown in fig. 2.

The sequence of data flow operations in an algorithm is strictly determined. Thus
also firing transitions should be strictly determined. However, in typical Petri nets
time of firing is not determined. A model based on such nets does not allow to define
sequences of operations executed in order. What's more, in each enabled transition
may be potentially fired, what is obviously not the situation that we meet in
algorithms. One of possible solutions would be to apply non-autonomous net, or
timed Petri nets.
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Fig. 2. Bubble sorting described using a Petri net

4.3   Step of Algorithm and Its Features

The approach presented below uses a regular, autonomous Petri net to describe the
algorithm’s behavior. To avoid problems connected with undetermined nature of such
nets, the description has to be limited to a fragment of the algorithm execution time
that is short enough to make the order of execution unimportant. This short fragment
is called a step of algorithm.
Definition 4.1. A step of algorithm is such a set of executed consecutively operations,
that it is possible to execute them in any order without changing the meaning of the
algorithm.
Definition 4.2. A synchronous step of algorithm is such a set of executed
consecutively operations, that it is possible to execute them in parallel,
synchronously, without changing the meaning of the algorithm.

Example: 1: a = 5;
2: b = 10; // step #1
3: c = a + b;
4: d = a * b; // step #2
5: c = c + d; // step #3

One can easily notice, that instructions 1 and 2 may be executed in any order or in
parallel without change of the meaning of the algorithm; the same situation with
instructions 3 and 4; but none of the instructions 3 and 4 could be executed before
neither 1 nor 2. Also instruction 5 must be executed after instructions 3 and 4 are
finished.

A sequence of operations that constitute an algorithm, may be divided into a series
of successive steps. To draw the rules of such division a few more definitions should
be introduced.

Let PN(P, T, F) be a Petri net that models some sequence of operations executed in
succession. P is set of places, T is set of transitions and F is the flow relation of this
net. Let a function τ(t) designates the time of firing the transition t. Let *t be the input
set of a transition t, and t* be the output set of a transition t.
Definition 4.3. Operations represented with transitions t1, t2 ∈ Τ , where τ(t1) < τ(t2),
are called dependent, if t1* ∩  *t2 ≠ ∅ . We say that there is a relation of dependency
between them (fig. 3a).
Definition 4.4. Operations represented with transitions t1, t2 ∈ Τ  are called sequential, if
t1* ∩  t2* ≠ ∅ . We say that there is a relation of sequence between them (rys. 3b).
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Definition 4.5. A single-step net is a Petri net, in which all the represented operations
belong to the same synchronous step of algorithm.

Now it is possible to formulate the rule, on basis of which the general algorithm is built:
Lemma 4.1. The Petri net PN(P, T, F) is a single step net when and only when:

∅=∩=∩⇒<∈∀ 21212121 ****)()(:, ttttttTtt ττ

In other words, any two operations belong to the same synchronous step of an
algorithm when and only when they are neither dependent nor sequential.

The proof of this lemma may be found in [6][7][8].

4.4   Single-Step, Single-Color Algorithm

The single-step, single-color algorithm (table 1) is executed each time when an
elementary data flow operation is reported to the visualization engine. It corresponds
to the operation Play as it was defined in section 4.1.

The key idea of the algorithm is to collect consecutive operations that belong to the
same synchronous step of the algorithm. If a new reported operation exceeds the
current step, all the operations collected so far are animated in parallel, synchronous
mode. Thus, the whole animation is divided into parts that correspond to the
consecutive algorithm steps, and operations that belong to each step are presented
synchronously.

To determine if a reported operation belongs to the current step or exceeds it, the
lemma 4.1 is applied. It means that the operation is checked if it is dependent or
sequential.

The presented algorithm satisfies the postulate of temporal suppression of
information, but does not yet satisfy the postulate of spatial suppression of
information. It constitutes a first approach to the actual solution.

Tj←iTi←k

Pk PjPi

Tj←i

Tj←k

Pk

Pj

Pi

Fig. 3. Cases, in which transition T may not be fired in parallel: a) dependency; b) sequence

a)

b)
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Table 1. Single-step, single-color algorithm

// PN is a Petri net where operations that
// belong to the current step are collected
Play (Fj←i) // reporting Fj←i data flow operation
{
    // OP is Petri net representation of Fj←i
    OP = {pi → tj←i → pj};
    bool dependency = false;
    bool sequence = false;

    // test for dependency and sequence
    for (each transition ty←x ∈  PN)
    {
        if (i == y)  dependency = true;
        if (j == y)  sequence = true;
    }

    if (dependency || sequence)
    {
        Animate(PN);
        PN = ∅ ;
    }
    PN = PN ∪  OP;
}

4.5   Spatial Transformation of a Synchronous Step

In order to satisfy the postulate of spatial suppression, appropriate transformations of
the single-step Petri net have to be introduced.
Definition 4.6. Let PN(P, N, F) be a net and let:

{ pi → tx←i → px } ∪  { px → tj←x → pj } ∈  PN

A transformation of gluing Pi – Pj around Px we call such a transformation of the net
PN, in result of which a net PN' is created, in which operation { px → tj←x → pj } is
replaced with { pi → tj←i → pj } (fig. 4a):

PN’ = PN - { px → tj←x → pj } { pi → tj←i → pj }

Definition 4.7. Let PN(P, N, F) be a net and let:

 { pi → tx←i → px } { pk → tx←k → px} PN.

A transformation of interception of Pi – Px by Pk we call such a transformation of the
net PN, in result of which a net PN' is created, in which operation { pi → tx←i → px } is
removed (fig. 4b):

PN’ = PN - { pi → tx←i → px }

In above definitions { px → ty←x → py } designates a subset of Petri net which
represents two variables and a data flow occurring between them.

In order to formulate the ultimate algorithm for algorithm animation, the following
lemma has to be formulated:
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Lemma 4.2. The transformations of gluing Pi – Pj around Px and interception Pi – Px

by Pk do not change the semantics of the algorithm represented by the transformed
Petri net, under the condition, that – in both cases – Px  represents an unimportant
variable.

The proof of this lemma may be found in [6][7][8].

4.6   Single-Step, Three-Color Algorithm

The single-step, three-color algorithm (table 2) is an enhancement of the single-step,
single-color one. Its goal is to satisfy the postulate of spatial suppression of
information. The key idea is to apply spatial transformations of gluing and
interception to suppress information about the variables considered to be unimportant.
This method guarantees that the coherence of the global image of data flow in the
algorithm is kept.

First, all the variables (places) are colored. Places that represent important
variables are painted black. If a place represents an unimportant variable, but it is a
destination of any data flow operation that originates from a black or gray place, it is
painted gray. All the rest of unimportant variables are painted white.

The suppression of information occurs in following two situations:
If a chain of data flow originates from a black place, goes through a gray place(s)

and terminates at a black place, then the transformation of gluing may be applied to
suppress the information about the gray variable(s). Obviously it is enough to detect if
the source place of a data flow operation is gray, and if it is, to apply the gluing
transformation (fig. 4a).

If some data flow operations share the same destination place, and this place is not
black, then the transformation of interception may be applied so that to keep only the
information concerning the latest data flow (fig. 4b). Such sequential assignments
could be meaningful if they shared a black place as their destination (it might be a
cycle or just a dead code), but otherwise they have no influence for any further
processing involving important variables.

In both situations, according to the lemma 4.2, the transformations applied do not
change the meaning of the algorithm, and in the same time they suppress unwanted

Fig. 4. Application of gluing (a) and interception (b) spatial transformations of Petri nets in
single-step, three-color algorithm
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spatial information. Thus, the algorithm satisfies all the three postulates of successful
animation.

Further improvements of this algorithm lead to 1,5-step, three colored algorithm, in
which some data flow chains may be glued across the limits of consecutive
synchronous steps of algorithm. The final tuning involved also some detailed
limitations in collecting operations, especially when visualizing iterations.

Table 2. Single-step, three-color algorithm

Play (Fj←i)
{
     OP = {pi → tj←i → pj};
     bool dependency = false;
     bool sequence = false;

     for (each transition ty←x ∈  PN)
     {
         if (i == y)
         {
            d = x; dependency = true;
         }
         if (j == y)
         {
            s = x; sequence = true;
         }
     }

     // setting the colours
     if (pi is in the observer’s area

of interest)
         Ci = BLACK;
     else if (dependency)
         Ci = GREY;
     else
         Ci = WHITE;

}

    if (pj is in the observer’s
area of interest)

        Cj = BLACK;
    else if (sequence)
        Cj = GREY;
    else
        Cj = WHITE;

    // gluing pd - pj around pi
    if (Ci == GREY)
    {
        OP = {pd → tj←d → pj};
        Ci = BLACK;
        dependency = false;
    }

    // interception ps - pj by pi
    if (Cj == GREY)
    {
        PN = PN - {ps→tj←s→pj};
        sequence = false;
    }
    if (Ci == WHITE
     && Cj != BLACK) return;

    if (dependency || sequence)
    {
        Animate(PN);
        PN = ∅ ;
    }
    PN = PN ∪  OP;

5   The Daphnis System

The practical effect of the presented research was development of the algorithm
animation system Daphnis. The system applies 1,5-step, three-color algorithm
described in previous section.

Development works on Daphnis system started in 1997. It is a successor of
previous systems, SANAL and WinSANAL [10][11]. An important inspiration was also
a prototype system Siamoa, created in University of Lille 1 [9]. Daphnis distinguishes
from its predecessor with its rebuilt internal architecture. The most important
innovation is applying the method of algorithm animation based on data-flow tracing.

Daphnis is a general purpose algorithm animation system. It means that it is capable to
visualize action of algorithms of any class. The system works under Windows 9x,
Windows NT 4.0/2000 or newer operating systems, on PC computers. Hardware
requirements are like of adequate operating system.
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Daphnis system is generally independent of the language, in which visualized
algorithm is formulated. The program being visualized has to be a Windows 32
platform module, capable to access dynamic link libraries (dll). An application
programmer’s interface has been created that makes the system’s projection engine
accessible for programs written in C and C++, so preparing programs for projection is
especially easy if they are written in one of these languages. Using any other language
requires applying adequate for this language techniques of interface declaration.

Daphnis is a data-driven system, with declarative method of specification of
visualization. Some annotations of the source text of programs are still necessary, so
style of specification is invasive.

To create a projection in Daphnis three steps must be done:
Annotating the program source text. It runs according to fixed rules, and could be
easily automated (works upon an automatic source text preprocessor are in progress).
Functions that are to be inserted into the text of visualised program may be divided
into two groups. Driving functions, that keep projection in move, is one of these
groups. They are essential for the applied method of animation, and were discussed in
Part 4. The other group is group of technical (auxiliary) functions, that allow to tune
the projection. Some of them duplicates the functionality of the user interface.
Compiling and linking. Functions used to annotate source programs are available in
the form of a dynamic link library. It makes them language-independent. Proper
header files for C and C++ are also provided. Compiling and linking of C/C++
programs is easy, and preparing programs in other languages is only a bit more
complicated. In both cases the result is a ready-to-run, modified executable. It may be
run with various configuration scripts, and changing configuration script does not
require recompiling.
Providing a configuration script. This is the most difficult stage in projection
preparation. To create a script, users not only have to know a language of the scripts,
but also know the general rules of projection engine structure. In general, the
configuration script contains a series of definitions of objects, called actors. Each
actor is connected with an individual variable subjected to visualisation and with
graphical element (called grel), that represents the variable. It also contains a set of
translation rules, that determine the way, in which values or addresses of the
visualised variables should be translated to values controlling various attributes of the
final image. Description of the syntax and semantics of the configuration scripts is
illustrated by several examples – both simple and more advanced.

6   A Sample Animation

A sample animation of the quick-sort algorithm created with Daphnis is shown in fig.
5. It involved creating a configuration script that defined how the sorted elements
should be colored and specified other important variables. The movement of the
sorted elements is managed automatically by the system. The annotated source text of
this animation, as well as the script file are given below; the bolded statements are the
Daphnis system annotations. They are numerous, but they are quite easy to use (just
three types of system calls have been used in this sample). The system for automatic
program annotation is currently also available.
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Fig. 5. Quick-sort animation in the Daphnis system

void Quicksort(int arr[], int p, int r)
{

if (p < r)
{ int q = Partition(arr, p, r);

Quicksort(arr, p, q);
Quicksort(arr, q + 1, r);

}
}

int Partition(int arr[], int p, int r)
{ Register("p", &p); Play(&p);

Register("r", &r); Play(&r);
int x = arr[p]; Register("x", &x); Play(&x);
int i = p - 1; Register("i", &i); Play(&i);
int j = r + 1; Register("j", &j); Play(&j);
while(1)
{ do { j--; Play(&j); }

while (arr[j] > x);
do { i++; Play(&i); }
while (arr[i] < x);
if (i < j)
{ int tmp = arr[i]; Register("tmp", &tmp);

Play(&tmp, &arr[i]);
arr[i] = arr[j]; Play(&arr[i], &arr[j]);
arr[j] = tmp; Play(&arr[j], &tmp);

UnRegister(&tmp);
}
else
{ UnRegister(&p); UnRegister(&r);

UnRegister(&x); UnRegister(&i);
UnRegister(&j);

return j;
}

}
}

The quicksort animation script file is also presented. Daphnis script files contain
relatively simple definitions of graphical objects that may be observed on the screen
during the projection. The names of the objects (e.g. Arr, i, j) correspond with the
names used in Register function calls in the listing above; this is how a link between a
graphical definition and an actual value is created. There are some variables registered
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in the program, and in the same time absent in the script; these are unimportant
variables, which lack the graphical representation.

Arr is roundRectangle
{ index x = linear(0, 1, 30, 50);

y = 120;
width = 20;
height = linear(0, 100, 50, 200);
// we use simple calculations to make colors more interesting
redBrush = (#index < p) ? 128 : (index <= r) ? 255 : 192;
greenBrush = (#index < p) ? 128 : (index <= r) ? 0 : 192;
blueBrush = (#index < p) ? 128 : (index <= r) ? 0 : 192;

};
i is arrayPointer
{ value x = linear(0, 1, 16, 44);

y = 120;
width = 20; height = 240;
greenBrush = 255;

}
j is arrayPointer
{ value x = linear(0, 1, 16, 44);

y = 120;
width = 20; height = 240;
greenBrush = 255;

}
x is frame
{ value x = linear(0, 1, 16, 44) of (#p + #r) / 2;

y = 120;
width = linear(0, 1, 16, 44) of (#r - #p);
height = linear(0, 100, 50, 200);
blueBrush = 255;

};

7   Conclusion

What lacks the software visualization systems is the intelligence, or  the ability to
create abstractions automatically. The presented work is a step towards intelligent
systems: some aspects of abstraction in visualization, even if not very strong, may be
obtained in strictly automatic mode, thanks to an original method of data flow tracing.
This level of abstraction usually involves handcrafted design.

The proposed method has been successfully verified in a practical implementation
of the algorithm animation system Daphnis. Experiences with use of this system
collected so far fully confirm the usefulness of the data flow tracing approach to
algorithm animation.
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Abstract.

This paper introduces GeoWin, a generic visualization tool for geometric algorithms.
GeoWin can be easily interfaced with todays standard geometry software libraries like
LEDA and CGAL. By supporting the generic programming approach, it can be adapted
to user-defined geometric objects and data types.

1 Introduction

Computational geometry is an area where the visualization and animation of
programs is a very important tool for the understanding, presentation, and de-
bugging of algorithms, and the animation of geometric algorithms is mentioned
among the strategic research directions in computational geometry. It is thus not
surprising that increasing attention has been devoted to algorithm visualization
for computational geometry. In this paper we introduce GeoWin, a generic tool
for the interactive visualization of geometric algorithms. GeoWin is a C++ data
type which can be easily interfaced with algorithmic software libraries of great
importance in computational geometry such as CGAL [5] and LEDA [11]. The
design and implementation of GeoWin was influenced by LEDA’s graph editor
GraphWin (see [11], chapter 12). Both data types support a number of pro-
gramming styles which have shown to be useful in demonstration and animation
programs. Examples are the use of result scenes and the event handling approach
which is discussed in section 2.2.

Most of the animations use smooth transitions to show the result of geometric
algorithms on dynamic user-manipulated input objects, e.g., the voronoi diagram
of a set of moving points or the result of a sweep algorithm that is controlled by
dragging the sweep line with the mouse (see Subsection “Event Handling”).
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2 GeoWin

2.1 The Architecture of GeoWin

A GeoWin maintains one or more geometric scenes. A geometric scene is a
collection of geometric objects of the same type. A collection is simply either a
standard C++ list (STL-list) or a LEDA-list of objects. GeoWin requires that the
objects provide a certain functionality, such as stream input and output, basic
geometric transformations, drawing and input in a LEDA window. A precise
definition of the required operations can be found in the manual pages [15].
GeoWin can be used for any collection of basic geometric objects (often called a
geometry kernel) fulfilling these requirements. Currently, it is used to visualize
geometric objects and algorithm from both the CGAL and LEDA libraries.

Scenes may be visualized. The visualization of a scene is controlled by a
number of geometric attributes, such as color, line width, line style, etc. A scene
can be subject to user interaction and it may be defined from other scenes by
means of an algorithm (a C++ function). In the latter case the scene (also
called result scene) may be recomputed whenever one of the scenes on which it
depends is modified. There are three main modes for recomputation: user-driven,
continuous, and event-driven. This is discussed in more detail in section 2.2 of
this paper.

GeoWin offers an interactive interface (see 3.2) and a programming interface
(see 3.1). The interactive interface supports the interactive manipulation of input
scenes, the change of geometric attributes, the selection of scenes for visualiza-
tion. The programming interface supports the definition of scenes. We illustrate
the concepts above by a short example. The following four lines illustrate the
programming interface. We define a GeoWin gw and a list L of objects. We next
define a scene sc to consist of the objects in L. We say that the objects in sc
are to be displayed in blue and open the scene for interactive manipulation.

GeoWin gw;
std::list<object> L;
geo_scene sc = gw.new_scene(L);
gw.set_color(sc,blue);
gw.edit(sc);

2.2 Animation with GeoWin

In computational geometry the visualization and animation of programs is a very
important tool for the understanding, presentation, and debugging of algorithms.
In this section we show how to use the GeoWin data type in geometric demo
and animation programs by discussing three of its main approaches to interactive
visualization.

Edit and Run. In the edit & run approach we use GeoWin in a simple loop
constructing or manipulating the input scene sc for an algorithm by calling
gw.edit(sc). If this call is terminated interactively by clicking the done button,



90 M. Bäsken and S. Näher

it returns true. In this case, the algorithm is applied to the objects of sc and
the result is displayed, e.g., by changing the visual attributes of the objects. The
loop will end if the edit operation is terminated by clicking the quit button (in
this case it returns false). The basic structure of an edit and run program is
given below.

list<object> L;
geo_scene sc = gw.new_scene(L);

while (gw.edit(sc))
{ ALGORITHM(L);
"display or output result";

}

The following code gives a complete example program for visualizing the
closest pair of set of points in the plane. The program assumes that there is a
CLOSEST PAIR function defined that takes a list of points (of some general type
point t) and writes a pair of points whose Euclidian distance is minimal to the
reference parameters a and b.

#include <LEDA/geowin.h>
#include <LEDA/geo_alg.h>

extern double CLOSEST_PAIR(const list<point_t>& L, point_t& a, point_t& b);

int main()
{

GeoWin gw;

list<point_t> L;
geo_scene sc = gw.new_scene(L);
gw.set_color(sc,black);

while (gw.edit(sc))
{

if (L.length() < 2) continue;

point_t a,b;
double dist = CLOSEST_PAIR(L,a,b);

gw.set_color(sc,black);
gw.set_obj_color(sc,a,red);
gw.set_obj_color(sc,b,red);
gw.message(string("distance: %f",dist));
gw.redraw();

}
return 0;

}

The result is visualized by changing the color of the closest points to red.
This program results in an interactive visualization (Figure 1 shows a scre-

enshot). The user may add points, delete points, pick up a point and move it
around, select a subset of points and move them or rotate them with the mouse
using the interactive interface of GeoWin. It is also possible to use a number of
generators to generate input (we provide access to a lot of standard generators
from LEDA).
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Fig. 1. Edit and Run: Screenshot of the closest pair visualization

After each user action1 the current closest pair will be highlighted (this is
done using the set obj color operations in the example program). Observe that
all the dynamics comes for free to the author of the animation. It is provided by
GeoWin. To switch to a demo that highlights the diameter of a point set, one
only has to exchange the function CLOSEST PAIR.

Result Scenes. A result scene is a GeoWin scene that depends on one or
more input scenes. The dependence is defined by a function to be called for
the objects of the input scenes. The objects of the result scene are just the
output of this function. Whenever the input scene is modified the output scene
is recomputed. In this way, it is very easy to write programs for showing the result
of an algorithm on-line while the user is modifying the input of the algorithm,
for example, by moving objects around, or by inserting or deleting objects of the
input scenes.
1 In the Subsections “Result Scenes” and “Event Handling” we will see how to achieve
a continuous reaction of the animation.
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Fig. 2. Motion planning in a polygonal scene

The following piece of code shows an example program using this approach.
We assume that there is a function INTERSECT computing the intersection points
(of some type point t) of a given set of straight line segments (of some type
segment t). Then we can create a result scene that depends on an input scene
sc input of points by calling gw.new scene(INTERSECT,sc input). Many de-
monstration programs in LEDA and CGAL are written in this way. In particular,
all algorithms working on an input set of points (e.g. all kinds of Voronoi and
Delaunay diagrams) can be visualized in a single elegant program.

#include <LEDA/geowin.h>
#include <LEDA/geo_alg.h>

extern void INTERSECT(const list<segment_t>&, list<point_t>&);

int main()
{ GeoWin gw("Segment Intersection");
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list<segment_t> L;
geo_scene sc_input = gw.new_scene(L);
geo_scene sc_output = gw.new_scene(INTERSECT,sc_input);
gw.set_color(sc_output,red );
gw.set_visible(sc_output,true );
gw.edit(sc_input);
return 0;

}

A more advanced application of the result scene approach is shown in the
screen shot of Figure 2. The underlying program shows a visualization of a
motion planning algorithm in a scene of polygonal obstacles. It takes as input a
scene of polygons representing a set of obstacles together with a robot polygon
and a scene of two points defining the start and target position of a collision-free
motion of the robot.

In a first step, an intermediate result scene is constructed that contains the
union of the so-called Minkowski sums for each polygon with the robot. This first
result scene is a general polygon (with holes) representing all points in the plane
where the robot is not allowed to be positioned. Then, the second result scene
(a scene of line segments) is the result of a path searching algorithm finding a
collision-free motion from the start to the target point.

Event Handling. Every edit operation of the interactive interface of GeoWin
has an associated event. For instance, creating a new object triggers a new object
event, deleting an object causes a del object event, and moving an object around
creates a move object event. Application programs can handle these events by
specifying corresponding call-back functions which are to be called whenever a
certain event occurs. We show how to use event handling in the animation of a
sweep line algorithm.

The program creates a special scene sc sweep that contains a single vertical
line, the sweep line, and it associates a call-back function sweep handler with
the move object events of this scene (by calling gw.set move handler(sc sweep,
sweep handler)). Now, during the interactive mode, the user can grab and move
the sweep line with the mouse, and for each motion event the sweep handler
function is called, with the relative distance vector of the motion. Note that
the call-back function associated with move object events has a boolean return
type. The result of this function is evaluated by GeoWin and controls whether
the actual motion is really executed. In the sweep example we use this fact to
prevent any backward motion of the sweep line.

// implementation of handlers, for instance ...
void sweep_handler(GeoWin& gw, const line& sl, double dx, double dy)
{ // move sweep line horizontally by dx do not allow backward motions
if (dx > 0) {
sweep_x += dx;
// process all events left of sweep_x ...

}
}
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Table 1. Animation of Fortune’s Sweep Algorithm

int main()
{
GeoWin gw("Sweep Demo");
list<line> sweep_line;
list<point> input_points;
sweep_line.append(line(point(0,-100), point(0,100)));

// create input scenes ...
geo_scene sc_sweep = gw.new_scene(sweep_line);
geo_scene sc_points= gw.new_scene(input_points);
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// create result scenes for Voronoi diagram,
// Delaunay triangulation, ...

gw.set_move_handler(sc_sweep, sweep_handler);
gw.edit(sc_sweep);
return 0;

}

The screenshot of Table 1 shows the windows of an animation that uses the
above described technique for the animation of Fortune’s sweep algorithm (see
[6]) for computing the Voronoi Diagram and Delaunay triangulation of a set of
input points in the plane. This example allows to drag the sweep line across
the plane while watching several different structures: the constructed Delaunay
triangulation, the shore line of parabolic arcs, and the circle events of the sweep.
These data structures are stored in different scenes of GeoWin. In the upper
pictures we see the progress of the animation. We have switched off the visibility
of the Delaunay triangulation scene in the upper left picture. In the lower left
picture the construction of the Delaunay triangulation (that is the dual graph
of the Voronoi Diagram) has finished. In the lower right picture we have zoomed
into our input point set, and using a generator provided by GeoWin a number
of points on a polygon were added to the input point scene. Then the sweep
animation was restartet using the interactive interface, this time with switched
off visibility for the Voronoi Diagram.

3 Details

3.1 The Programming Interface

In this section we will give a short overview for some groups of operations of the
data type GeoWin. The complete list of operations is given in the user manual
[15].

Group Description
Main operations used for scene creation and

starting the interactive mode
Window operations zooming, redraw, GUI initialization
Scene operations manipulation of the various scene parameters
I/O operations import and export of geometric data
View operations zooming
Parameter operations manipulation of global parameters
Event handling operations association of user-defined event handlers

with supported events

The programming interface allows us to create scenes of geometric objects, link
scenes for visualization purposes and set event handling functions. It also pro-
vides the possibility to change the user interface and to add object generators
and user-written I/O - functionality for input and output of geometric data in
various popular formats (like VRML or GIS data formats).
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3.2 The Interactive Interface

The interactive interface of a GeoWin gw is started by calling gw.edit() or
gw.edit(sc). The first variant opens a GeoWin with an empty set of scenes
and allows the user to create and activate scenes from a menu. The second
variant makes the supplied scene sc the active scene.

At the top of the main window there is a default menu bar containing menus
for File and Edit operations, Scenes and Window setup, and other Options. This
default menu can be changed and extended by user-defined menus and buttons.

In the same way, the default actions associated with mouse and keyboard
events occurring in the drawing area of the window can be replaced or extended
by user-defined actions.

In the user interface we provide the possibilty for output in postscript for-
mat for the geometric data, access to a simple 3d viewer based on the LEDA
d3 window class ([11]) and we can set a lot of global and scene parameters (for
instance graphical attributes like colors and background texture).

It also gives us access to the object generators and we have different options
for object input (mouse input, textual input).

We get also access to some standard geometric algorithms that can be applied
to the geometric data stored in scenes to create new scenes (an example is the
convex hull algorithm computing for a set of input points stored in a scene the
smallest convex polygon containing all points; calling this algorithm will create
a new scene storing the output polygon).

Table 2 shows a few screenshots of the interactive interface. We see the output
of the buildin convex hull algorithm and a 3d view of it. In the lower pictures
one can see a scene of LEDA polygons and an options menu for a scene.

4 Genericity

GeoWin is generic and can be used with any geometry system that satisfies
a small set of prerequisites. An instance gw of the data type GeoWin is an
editor that maintains a collection of scenes. Each scene in this collection has an
associated container of geometric objects whose members are displayed according
to a set of visual attributes (color, line width, line style, etc.). A scene can be
visible or un-visible and one of the scenes in the collection can be active. The
active scene receives all editing input and thus can be manipulated through the
interactive interface of GeoWin (see section 3.2).

Both the container type and the object type have to provide a certain fun-
ctionality. The container type must implement the STL list interface ([12]), in
particular, it has to provide STL-style iterators, and for any object type T the
following functions and operators have to be defined before it can be used in
GeoWin.

– I/O operators for streams, LEDA windows, and LEDA postscript files
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Table 2. The interactive interface

ostream& operator<<(ostream&, const T&);
istream& operator>>(istream&, T&);
window& operator<<(window&, const T&);
window& operator>>(window&, T&);
ps_file& operator<<(ps_file&, const T&);

– translate and rotate operations
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void Translate(T& o, double dx, double dy);
void Rotate(T& o, double x, double y, double phi);

– basic geometric queries

bool BoundingBox(const T& o, double& x0, double& y0,
double& x1, double& y1);

bool IntersectsBox(const T& o, double x0, double y0,
double x1, double y1);

By using the C++ template technique for generic programming, we implemented
the scene data types used by GeoWin in a way, that combinations of container
and object type that fulfill these requirements for containers and objects, respec-
tively, can be associated with GeoWin scenes in a gw.new scene() operation.
Currently, GeoWin is used to visualize geometric objects and algorithm from
both the CGAL and LEDA libraries. In this context two typical examples for
containers of a scene are

std::list<CGAL::POINT_2<cart> > LP;
leda_list<rat_circle> LC;
leda_list<d3_point> LD;

The first one uses an STL list from the standard C++ library and points
from the Cartesian geometry kernel of CGAL, the second example uses a LEDA
list of circles from LEDA’s rational geometry kernel and the third example uses
a LEDA list storing 3d points from the LEDA floating point geometry kernel.
Especially when using a template library like CGAL that has not only simple
geometric data types like points, segments, . . . but templated geometric kernel
classes (like points with homogeneous integer coordinates, points with cartesian
double coordinates, points with homogeneous LEDA arbitrary length integer
coordinates, . . . ) it is very important to provide a generic visualization tool
that can be used with every kind of instantiation. It is of course also a very
usable feature for developers writing their own geometric data types to have this
flexibility. By providing the listed functionality they get the ability to use their
own types with GeoWin.

5 Discussion and Comparison to Existing Work

There are many geometric visualization tools and systems available, e.g., Geom-
View [1] or GeoSheet [8], but these systems are not interactive and therefore
their use in algorithm animation and debugging is very restricted. On the other
hand, there exist many interactive programs and systems for the animation of
geometric algorithms, see [4,14,3] for examples. However, these systems are not
generic, i.e. they cannot be customized for different geometric objects or kernels.
Many of them have even been developed on very special platforms or program-
ming environments and therefore cannot be used in state-of the art software
libraries or projects. Another system used in the visualization of geometric algo-
rithms is GAWAIN [7,16]. It is interactive and works on different platforms, but
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it is not generic and the usage with standard libraries like CGAL and LEDA is
more difficult (however it has the advantage of Web-based visualization).
Current and future activities in the development of GeoWin include

– Improvement of the support for three-dimensional geometry
We are currently working on the support of three-dimensional objects and
algorithms. We have already implemented a prototype of a 3d-viewer and
incorporated it into GeoWin. This 3d-viewer will be enhanced in the future.

– Improved support for incremental algorithms
Currently, incremental algorithms are not very well supported. We plan to
associate incremental data structures directly with result scenes to make
their visualization much more effective and elegant.

– Algorithm animation
We are working on a library of animation software for computational geo-
metry.

GeoWin closes the gap caused by other systems by providing a generic platform
for interactive visualization and algorithm animation in the area of computa-
tional geometry. In addition to the generic approach it supports an elegant and
effective style of writing animation programs as presented in section 2.2 of this
paper. GeoWin has shown to be very useful in many animation and visualiza-
tion programs both in the LEDA and CGAL software libraries and it is used in
debugging and implementing geometric algorithms in these projects.
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Abstract.

This paper presents a conceptual model for designing an algorithm animation system
for constrained domains. We define a hierarchy of users and a model for supporting
each type of users. The hierarchy includes naive programmers, advance programmers,
end users, and groups of end users. This paper also describes a few systems that realize
the conceptual model within two domains: the domain of computational geometry and
the domain of distributed algorithms.

1 Introduction

A major challenge in the area of algorithm animation is how to build systems
which significantly facilitate the creation of algorithm visualizations regardless
of the algorithms’ complexity. One possible solution is to restrict the domain the
algorithm animation system is designed for. In a constrained domain, knowledge
regarding the type of objects and the type of operations prevalent in this domain,
can be embedded into the system. As a result, the system can provide built in
ways to visualize these objects and to animate the operations on them. Thus,
large parts of the programmer’s tasks can be automated.

This automation allows the programmer to be free from having to design
and implement the visual aspects of the animation. Instead, the system makes
decisions about how graphics is done. This is the major departure from general-
purpose algorithm animation systems [3,4,5,6,18,19] where no assumptions are
made regarding the building blocks that make up the animations. In this latter
case, the programmer needs to specify the exact shape of each object and the
exact transition each object goes through during the animation.

Freeing the programmer from implementing the visual aspects has a couple
of benefits. The animation can be produced very fast, usually in a matter of
days or even hours, since large parts of the process are left for the system to
resolve. Moreover, this is done regardless of the complexity of the algorithm
being visualized. This is an important point because complicated algorithms are
those that gain the most from visualization.
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As expected, the major disadvantage of automation is a limited flexibility.
Not every algorithm can be animated and not every animation can be generated
for a given algorithm. Often, users want to have a say in how the animation
should look. Choices made by the system might not necessarily be appealing to
the user, who might find an automatic system too restrictive. We will show in
the sequel that a certain amount of flexibly can be obtained nevertheless.

In our conceptual model we define a hierarchy of users. Naive programmers
care only about the contents of the visualization and are not concerned with
the presentation aspects. Advanced programmers want, in addition, to be able
to easily modify and extend various visualization aspects. End users experiment
with an algorithm to understand its functioning, and should be able to run the
animation as an interactive experience. Finally, groups of end users should be
able to collaborate with each other.

This conceptual model has been realized in three algorithm animation sy-
stems built for two constrained domains. GASP [21] and GASP-II [17] were
built for the domain of computational geometry; VADE [12] was built for the
domain of distributed algorithms. These two domains were chosen because they
represent domains in which algorithms are difficult to comprehend.

In the geometric domain even the simple task of imagining in one’s mind a
three-dimensional geometric construction can be hard. In many cases the dy-
namics of the algorithm must be understood to grasp the algorithm and even
a simple animation can assist the geometer. Degeneracies and robustness pro-
blems, which are common in geometry, add to the complexity of programming
and debugging geometric code. The visual nature of geometry makes it one of
the areas of computer science that can benefit greatly from visualization.

Distributed algorithms are difficult to understand due to the added com-
plexity of the inter-process communication and synchronization. Many activities
occur concurrently at various sites. Moreover, the activities depend on each other
in many ways. Each state depends not only on the individual process, but also on
the messages arriving from other processes. Visualization can give some insight
to the way this inter-process communication takes place.

We will show below that though the systems differ, they follow the same con-
ceptual model. In the next section we describe the general conceptual model. In
Section 3 we present the realization of the model in the domain of computational
geometry. In Section 4 we discuss the realization of the model in the domain of
distributed algorithms. We conclude in Section 5.

2 Conceptual Model

We define four sets of users of any algorithm animation system. They are naive
programmers, advanced programmers, end users, and groups of end users. Naive
programmers can choose to be isolated from any decisions of a graphical nature
and concentrate solely on the contents of the animation. Advanced program-
mers want to be able to easily modify and extend various visual aspects of the
animation in order to produce animations which better fit what the program-
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mers think is most useful. End users experiment with an algorithm animation
in order to understand the algorithm’s functioning. They should be able to run
the animation as an interactive experience. Finally, groups of end users wish to
collaborate.

Accordingly, the algorithm animation system should provide an appropriate
interface for each of these users. Domain-dependent libraries should be provided
for naive programmer. An external graphical user interface should be given to
the advanced programmers in order to facilitate the modification of the visual
aspects. An interactive environment should let end users run the animation.
Finally, tools for collaboration should be provided for groups.

In order to allow naive programmers to generate animations quickly, we di-
stinguish between what is being animated and how it is animated. The naive
programmer need only specify what is being animated and need not be con-
cerned with how to make it happen on the screen. For example, the creation
of an object is to be distinguished from the way it is made to appear through
the animation. It can be created by fading into the scene, by traveling into its
location, by scaling up from a point to its full size, etc.

The libraries provided by the algorithm animation system contain a set of
building blocks relevant to the domain. The naive programmer should only write
short snippets of code that contain calls to functions of the system’s libraries.
This code includes the contents of the animation and defines its structure. It
does not contain the visual aspects of the animation. The algorithm animation
system generates an appropriate animation from this code. For instance, only
three lines of code are necessary to produce the animation of the creation of the
polyhedron shown in Figure 1(a) (or the animation shown in Figure 1(b)).

(a)

(b)

Fig. 1. The creation of a polyhedron (two possible styles)
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To enable that, the system’s libraries support the objects prevalent in the
domain and the common operations on them. In fact, several visualizations, or
styles, are supported for each operation, one of which is the default chosen by
the animation system. If the advanced programmer wishes to change any of the
visual aspects of the animation, this programmer can do it through a graphical
interface, called the style panel. There is no need to modify or write any code.

Note that the animation is still generated automatically by the animation sy-
stem. But, a different animation is produced, to better reflect the programmer’s
taste or to better illustrate a specific algorithm. The ease of generating various
animations allows advanced programmers to easily experiment with many visua-
lizations for the same algorithm.

Figure 1 illustrates two of the possible styles for creating a polyhedron. In
Figure 1(a) the polyhedron is created by fading into the screen, while in Fi-
gure 1(b) it is created by scaling up from a point to its full size. Changing one
field in the style panel allows the creation of 1(b) instead of 1(a).

End users can experiment with an algorithm animation in an environment
such as the one illustrated in Figure 2(a). The environment consists of a control
panel through which the execution of the animation is controlled, animation win-
dows where the algorithm runs, and a text window which contains explanations
which accompany the animation. It is possible to run the animation forwards and
backwards, to fast-forward through some parts of the animation and single-step
through others.

Collaboration is useful both in the work place and in electronic classrooms
where distance learning is gaining more popularity. In this environment the par-
ticipants sit each in front of his or her computer and they collaboratively explore
an algorithm while viewing its dynamic behavior.

In our model, two modes of distributed visualization are supported: inde-
pendent visualization and collaborative visualization. In the first mode, each
participant controls the animation running on his or her machine and no syn-
chronization is applied. In collaborative visualization, the animations running
on all the machines are synchronized with the animation of the instructor. In
this case, the participants are more limited. They cannot fast-forward or rewind
the animation whenever they wish to. However, they can still modify the style of
the animation they view. This is illustrated in Figure 2 where three snapshots of
screens taken at the same time are shown. The three participants, in this case an
instructor and a couple of students, work collaboratively, yet each is viewing a
different animation style. In particular, different colors and transparency values
are chosen by the users. Moreover, the user at the bottom views a different unit
of the algorithm, since this user rewound the algorithm to a previous atomic
unit.

Any participant in the group can initiate an electronic discussion at any
point during a collaborative session. An electronic discussion is more than a text
exchange since the text is accompanied with an appropriate visualization. This
is the way students can ask questions in electronic classrooms and programmers
who work together can share ideas.
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Fig. 2. An algorithm visualization in a distributed session
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3 Realization of the Model in Computational Geometry

The last few years have seen a growing awareness to the need and to the impor-
tance of visualization in computational geometry [1,7,14,17,21]. In this domain,
the scenes of interest are built out of geometric objects (e.g., polygons, polyhe-
dra, spheres, cylinders, lines and points) and displays of data structures (such
as lists and trees of various forms). A standard animation in the domain is built
out of operations on these objects.

GASP [21] and GASP-II [17] realize the general model described above.
GASP provides the interfaces for the naive programmer, the advanced program-
mer and the end user. GASP-II’s main contributions are the support for groups
collaborating over the network and the improvement of the interface provided
to advanced programmers.

To realize the conceptual model for geometric computation, it is only required
to supply appropriate libraries to be used by naive programmers. These libra-
ries provide a rich set of animation tools for visualizing operations common in
the domain. The objects contained in these libraries include three–dimensional
geometric objects, two–dimensional geometric objects, combinatorial objects,
views, text and titles. For example, for modifying polyhedra, the library provi-
des functions for adding faces and vertices, removing faces and vertices, joining
polyhedra, splitting polyhedra etc. The animation system can produce various
visualizations for every operation, as discussed above.

Rather than going into detail describing the libraries, we will illustrate its
use via a case study, which is a visualization of an algorithm for polyhedron
realization for shape transformation [15]. This visualization [16] was selected as
an example of an algorithm which is not basic. It is one of several animations
created by GASP or GASP-II and presented at the video session of the annual
symposium of computational geometry.

The realization algorithm proceeds in two steps, illustrated in Figures 3(a)-
(b). First, each given polyhedron is iteratively simplified by removing a low–
degree vertex from the 1−skeleton graph of the polyhedron, and re-triangulating
the resulting hole, until a 4–clique graph (representing a tetrahedron) results.
During the visualization, which is illustrated in Figure 3(a), the selected vertex
blinks in blue. Its cone of faces smoothly drives away from the polyhedron,
creating a black hole in it. Next, the hole created is re-triangulated, where the
new faces fade-in in blue, to distinguish them from the old (red) faces. Finally,
the highlighted vertex and its cone of faces fade out.

During the second step, the process is “reversed” and the vertices are re-
attached, this time in a convex fashion. During the visualization, which is illust-
rated in Figure 3(b), a new vertex, shown in green, appears in a base position.
It smoothly drives away from the base to its final position. Then, the blue faces
which were previously created while the vertex was detached, fade out. Finally,
new faces attaching the vertex to the polyhedron are added, such that convexity
is maintained. The new faces are colored magenta to distinguish them from the
blue / red faces.
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Finally, Figure 3(c) demonstrates a resulting shape transformation, where a
house is transformed into an icosahedron. Each transformation is carried out by
replacing the old polyhedra with a new one, until the final polyhedra is attained.

(a) The simplification phase

(b) The re-attachment phase

(c) The resulting shape transformation

Fig. 3. Animation of the realization algorithm

The major issue here is how fast it is to generate the animation. The code
that generates the animation of the first step (Figure 3(a)) consists of ten lines
of C code. It is shown in Figure 4. The code that generates the animation of the
second step (Figure 3(b)) is twelve lines of C code. The code that generates the
animation of the metamorphosis (Figure 3(c)) is four lines of C code.

The code in Figure 4 consists of calls to functions included in GASP–II’s
libraries. Note that no parameters of a graphical nature are required. The pro-
grammer need only specify the parameters which are related to the geometry
(e.g., the vertices and the faces of the polyhedron). All the visual aspects of the
visualization are left as empty slots that the algorithm animation system fills up.
For instance, the code does not include the colors used, the number of frames
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/* Remove the selected vertex */
GASP_Begin_atomic(split_atomic_name);
  GASP_Split_mesh(new_mesh_names, previous_mesh_name, 
                   remove_vert_no, remove_vertices);
  GASP_Write_to_text_view("TEXT", 
   "During the simplification phase, a low−degree vertex 
    is removed and its vertex−graph is re−triangulated."
GASP_End_atomic();

/* Re−triangulate the hole */
GASP_Begin_atomic(add_atomic_name);
  GASP_Add_faces(new_mesh_names[0], face_no, faces);
GASP_End_atomic();

/* Remove the detached cone */ 
GASP_Begin_atomic(remove_atomic_name);
  GASP_Remove_object(new_mesh_names[1]);
GASP_End_atomic();

Fig. 4. The code of the simplification visualization

used, the fact that objects are created be fading in, etc. These parameters can
later be modified in the external style panel.

4 Realization of the Model in the Domain of Distributed
Algorithms

The domain of distributed algorithms is another domain where visualization in
one’s mind of an execution of an algorithm is highly non-trivial. Moreover, in
this domain users can greatly benefit from an algorithm animation.

There is, however, an inherent difficulty in implementing an algorithm ani-
mation system within a distributed asynchronous environment. In asynchronous
distributed systems it is not possible to determine the precise structure of the
execution based on the views of the execution that are obtained by the proces-
ses [11]. Each process in the system can only “remember” its own actions. It
can also gain knowledge about actions performed by other processes through
inter-process communication. It cannot, however, compute the relative timing
of the actions performed by different processes. Moreover, no form of interac-
tion among the processes in an asynchronous system can provide precise timing
information.

An algorithm animation system cannot overcome these inherent limitations.
The animation processes are just more processes in the distributed environment.
The goal of an algorithm animation system for distributed environments is thus
to produce a visualization that reflects as closely as possible the real execution
of the algorithm.

The algorithm being visualized changes dynamically and the animation sy-
stem needs to receive updates of the state from different sites. Since a true in-
stantaneous snapshot is impossible, a “possible” (or consistent) snapshot should
be constructed. Roughly speaking, we call a snapshot of the system consistent if
it describes a state that appears in a possible execution of the system that starts
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in the state at which the invocation of the snapshot actually happened, and ends
in the state at which the snapshot algorithm completed its computation.

There exist several algorithm visualization systems for parallel or distributed
algorithms [2,8,9,10,13,20]. Here we briefly present VADE [12], our visualization
system which realizes the general conceptual model described above. Unlike the
geometric domain, where it is sufficient to supply domain-dependent libraries in
order to apply to the conceptual model, here we need also guarantee consistency.

The objects common in the domain of distributed algorithms and thus the
ones supported by VADE’s libraries are network related objects. They include
graphs, nodes, links (i.e., communication channels) and various types of messa-
ges and tokens which the nodes exchange over the links. VADE can produce a
visualization for numerous operations defined on these objects. Again, the sy-
stem chooses default styles for the visualization of objects and operations. The
style can later be modified in an external style panel.

In [12] we describe the model of computation that our system is defined for.
We also define the notion of visualization consistency that captures the sense in
which the animation system is required to faithfully depict the execution. Using
visualization consistency we can rearrange the sequence of events in a run. We
discuss a couple of ways to implement visualization consistency.

We illustrate the task of creating a visualization by describing a case study in
which we simulate an Automatic Transport System (ATS). The ATS consists of
a close dual-lane railroad system. The terminals are located along the railroad.
Several cars can move on the railroad. In addition, there is a central control
station (CCS) which has data links to all the terminals. Each terminal and each
car are equipped with a display showing the stops along the cars’ route. In front
of each car there is an arrow-display which indicates whether it moves clockwise
or counter-clockwise.

Figure 5 presents a few snapshots from the animation of this case study.
Figure 5(a) shows the system immediately after a passenger arrived at Terminal
2 and pressed the Terminal 1 button. This button changes its color to blue. The
terminal sends a request for a car to the CCS, animated by sending a marker over
the appropriate link. Figure 5(b) illustrates the marker moving towards the CCS.
In Figure 5(c) the request is received by the CCS and cars are sent from Terminal
3 and from terminal 4 to terminal 2. In Figure 5(d) the cars move towards the
target terminal. Figure 5(e) illustrates the arrival of another passenger, this time
at Terminal 3, which has no available cars. The appropriate button is pressed,
and the request for a car is sent to the CCS. Finally, Figure 5(f) shows the arrival
of a car at Terminal 2.

The programmer has very little work to do in order to create the above
animation. This is both because the programmer need not be concerned with
maintaining the consistency of the animation, and because the programmer is
free from dealing with the graphical aspects of the animation which are determi-
ned by the system (and can be modified via the style panel). For instance, the
code (in Java) animating the pressing of a button is shown in Figure 6.
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Fig. 5. Snapshots from the ATS animation
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Fig. 6. The code of TrainPressButton class

5 Conclusions

We have presented in this paper a conceptual model for constructing an algo-
rithm animation system for constrained domains. In a restricted domain, know-
ledge regarding the type of objects and the type of operations prevalent in that
domain can be embedded into the system, thus enabling the creation of systems
that let others use them comfortably.

We have also reviewed systems that realize this model in two specific domains
– that of computational geometry and that of distributed algorithms. These do-
mains have been chosen as representatives to domains which can greatly benefit
from visualization. In geometry this is because of the difficulties in visualizing in
one’s mind three-dimensional scenes, along with extensive use of data structures
which are heavily pointer-based and problems of degeneracies and robustness.
Distributed algorithms are difficult to understand due to the added complexity
of the interprocess communication and synchronization.

The major advantage of dealing with constrained domains is the automation
it enables. This automation leads to time saving and facilitates the creation of
animations for highly complex algorithms. The major disadvantage is that such
algorithm animation systems are limited in scope.

In the future we intend to realize this model in other constrained domains,
candidates being topology, databases and networks.
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Abstract.

We give an overview of rules and techniques to create a good algorithm animation,
with emphasis on animations that would be used when teaching algorithms. In this
context, we propose that animations should in particular emphasize the visualization
of correctness invariants and the complexity of the algorithms. This implies that writing
a good animation must be more than just showing the graphically enhanced runtime
debugging provided by most common animation systems; instead, each animation must
be individually designed and programmed.

1 Introduction

We humans are well equipped with various different senses. The skin has tactile
receptors, nose and tongue can smell and taste, and the ears can perceive sound.
But most powerful is our visual sense. Within a fraction of a second we can
extract a big amount of information from a picture: colors, shapes, their size and
relative position, etc. This great visual power eventually lead to the invention
of writing, i.e., certain geometric shapes were interpreted as letters (or words,
as in Chinese for example). Now any possible information could be coded and
transmitted by concatenating a sufficiently large number of these letters (a text).
But whereas this kind of information coding is quite universal, decoding is often
slow. Most people grasp a message much faster when seeing a picture instead of
reading (or hearing) an equivalent textual description, just remember the phrase
“A picture is worth a thousand words” (see Miller [25] for nice examples).

Therefore, we are in our daily life bombarded with all kinds of pictorial
messages (just open an arbitrary journal at the next book shop, or compare
the time you spend watching TV with the time reading a book). Education is
no exception to this trend. In computer science education, the art of explaining
an algorithm by (usually animated) pictures is called program visualization or
� This research was partially supported by Hong Kong RGC grant HKUST 6010/01E
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algorithm animation. An early example of a static visual representation of a
program are flowcharts, introduced by Goldstein and von Neumann [18]. The
first dynamic representation was probably Knowlton’s animation of dynamically
changing data structures in Bell Lab’s low-level list processing language [22].
In 1981, the videotape “Sorting out Sorting” by Baecker [3] represented the
first purely educational algorithm animation. The video explains nine different
sorting algorithms and compares their running times. For a more comprehensive
survey on the history of program visualization see the book by Stasko et al. [36],
for example Chapter 2 by Baecker and Price [2].

Since creating good animations can be a difficult and time-consuming task,
researchers started thinking about ways to automate the process of animating a
program, or at least to make it easier. The first such system, Balsa by Brown and
Sedgewick [7], was soon followed by others like Balsa-II [4], Zeus [5], Tango [35],
UWPI [19], Pavane [33], Catai [9], Jeliot [24], Vega [20], Leonardo [10], or
Wave [12], just to mention some of the more important ones. We will not de-
scribe these systems here in detail, that has been done in an excellent way in
other surveys by Price et al. [30] and Demetrescu et al. [11]. Instead, we will in
the next section argue that this approach of trying to generate program animati-
ons automatically is futile. Good animations must be designed and implemented
by hand. We will focus on criteria most important for creating a good animation
used for teaching. As Brown and Hershberger [6] said: “Creating effective visua-
lizations is an art, not a science”. In Section 3 we will give examples of carefully
designed animations for teaching, like Dijkstra’s shortest path algorithm, the
bitonic sorter, and the Fast Fourier Transform algorithm.

2 What Is a Good Animation?

Basically, program animation systems fall into two categories (see Roman and
Cox [31]; of course, there are also finer taxonomies for animation tools [27,30,
32]). In the declarative (or data-driven) approach, objects in the program are
mapped onto images, and each change of the object results in an automatic
update of the image. Examples of declarative animation tools are Pavane [33]
and Jeliot [24]. In the imperative (or event-driven) approach, the animation
is event-triggered, i.e., at certain ‘important’ points of the program execution
extra function calls to geometric drawing rotuines must be added to the code.
Examples of imperative animation tools are Balsa [7] and Tango [35]. Instead of
calling graphic routines, an imperative animation could also just write graphical
commands on a file. This file is then later used as input for a graphical editor.
An example of such a system is JAWAA [29]. There are of course also tools with
both imperative and declarative features, like Leonardo [10] for example.

Another declarative animation tool is the debugger DDD [38] that can pro-
duce nice pictures of the current set of variables in a program. Actually, any
declarative animation tool is nothing else but a graphical debugger. And often,
imperative systems are just used in a way similar to a declarative system; whe-
never one of the important data structures of the program changes the image
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void ANIMInit(), ANIMInput(), ANIMDraw(), ANIMExchange();

static NAME_FUNCT fnc[] = { {"Init", 1, {VOID, (FPTR)ANIMInit}},
{"Input", 1, {VOID, (FPTR)ANIMInput}},
{"Draw", 1, {VOID, (FPTR)ANIMDraw}},
{"Exchange", 1, {VOID, (FPTR)ANIMExchange}},
{NULL, 0, NULL, NULL} };

main()
{ int n,i,j;

int temp;
int a[300];
int count;

TANGOalgoOp(fnc, "BEGIN");
printf("Input number of elts in array\n");
scanf("%d",&n);
TANGOalgoOp(fnc, "Init");
printf("Enter the elements\n");
for (count=0; count<n; ++count)

{ scanf("%d",&a[count]);
TANGOalgoOp(fnc, "Input", a, count, a[count]);

}
TANGOalgoOp(fnc, "Draw", a, n);
for (j=n-2; j>=0; --j)

{ for (i=0; i<=j; ++i)
{ if (a[i] > a[i+1])

{ temp = a[i];
a[i] = a[i+1];
a[i+1] = temp;
TANGOalgoOp(fnc, "Exchange", a, i, a, i+1);

}
}

}
TANGOalgoOp(fnc, "END");

}

Fig. 1. The program bubsort.c from the Xtango distribution [37]

is updated accordingly. Figure 1 shows the Bubblesort animation bubsort.c
that comes with the Xtango system [37]. The events that trigger the animation
are just the changes of the data structure (in this case the array of numbers
to be sorted). It is probably not a coincidence that a recent survey on program
visualization tools focuses on their use as debugging aids [11].

Of course, the pictures of a graphical debugger describe the current state of a
program much nicer than textual output. But is debugging a program, i.e., follo-
wing its instructions step by step, really a good way to understand an algorithm?
We usually do not ask our students to read source code when we explain an al-
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gorithm. Stepping through a program with a graphical debugger is often nice
to watch (all these colorful data structures) but it is just a visualization of the
source code and therefore not a potentially superior teaching aid. Indeed, many
attempts to assess the usefulness of animations (created by animation tools)
have produced inconclusive results (see Stasko and Lawrence [34]), although
some recent studies have been more successful in establishing the usefulness of
animations for teaching algorithms [21].

Petre at al. [28] noted that “supporting users in understanding an algorithm
requires more than illustrating the primitive code”. Indeed, do we not ask our
students to think in more abstract terms or in functional units when we teach
them algorithms? Fix and Sriram [15] claim that code-steppers (like Balsa)
are not very suitable for teaching because they highlight sequential operations
instead of the general structure of a program.

We would not go as far as Dijkstra who feared “permanent mental damage
for most students exposed to (a certain educational program visualization soft-
ware)” [13] (he did not specify the particular program visualization software he
had in mind) in condemning animation tools. But, as Baecker observed, “ani-
mating programs for pedagogical purposes is not a trivial endeavor” [1]. Many
authors give advice on the features of a good animation, see for example Ba-
ecker [1], Miller [25], Gloor [17] and Faltin [14]. The following rules summarize
their suggestions.

– Model: [25]
Any visualization needs a model that can be illustrated. Since algorithms
are abstract entities without a physical reality, an appropriate model for the
algorithm to be visualized should be chosen. Often, this is one of the key
data structures of the algorithm (a graph exploration algorithm is usually
animated by visualizing the exploration on a drawing of the graph, a tree-
based dictionary is usually animated by drawing the balanced search tree,
etc.).

– Functional structure: [14,17]
All the functions and their interactions in an algorithm should be explained.
Some people prefer a top-down approach to programming, others prefer to
explain programs bottom-up. Both ways are fine, as long as the description
is complete and every step of the algorithm is explained. Very important
is to find the right level of abstraction. In the best of all worlds, an ani-
mation would somehow adapt to the level of user knowledge (it could gain
information by interacting with the user).
Sometimes it even might be a good idea to break the time linearity of events
and show different stages of the algorithm at the same time.

– Correctness and runtime: [33,16]
A good algorithm animation should show why the algorithm is correct and
why it is efficient.

– Speed: [1]
Different parts of an algorithms need different animation speeds. If there is
a loop (like the main loop in Quicksort or Bubblesort) then it is enough to
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explain it once slowly and in detail and then run it a second time (or a few
times) fast to get a feeling for the dynamics of the loop.

– Text: [14,25]
Whether an animation should include text explanations mainly depends on
its application. A classroom animation usually does not need much text.
Projected onto a screen most text is unreadable anyway, and the instructor
can explain much better what is happening. If labels are unavoidable, they
should be meaningful. It is much better to display values graphically (by
bars of different height, for example) than to give alphanumerical values.
On the other hand, if the animation is used in an electronic textbook for an
online course then it needs lots of text explanations. If sound is available,
narrative explanations (as in a classroom lecture) might be advantageous.

– Code or Pseudocode: (in contrast to [14])
Algorithms should be taught on an abstract level. In particular, the stu-
dents should understand them independently of any programming language.
Showing code is only useful for programming courses.
Pseudocode on the other hand is a higher-level description of an algorithm,
and it can make sense to show it in parallel to the execution of a program.
Except, that a good animation not necessarily just ‘executes’ a program, so
the use of this feature might actually be limited.

– Uniform representation: [1]
An algorithms course might feature many animated algorithms. A uniform
outlook (same layout of information on the screen, similar arrangement of
buttons, etc.) is very helpful for students. If every animation looks completely
different, they need more time to adjust.

– Simplicity: [17,25]
The animations should be simple, also the controls. Basic controls like ‘run’,
‘step’, ‘backward’ are usually sufficient. Fancy graphics should not distract
from the algorithm. Color should be used carefully to code information, not
to entertain. Sound can also be helpful to code information [6].

– Data: [1,14]
Algorithms should be explained on small input data sets, or better on diffe-
rent sets of interesting input data sets. If the algorithm is understood, it can
make sense to run it on larger input data sets, for example to demonstrate
asymptotic running time behaviour.

– Interactivity: [14,17,25]
Students presumably learn better when they can play around with an al-
gorithm. The algorithm should be able do handle user inputs. There can
be different forms of interactivity: user specified input data, user modified
program code, quizzes on the behaviour of the algorithm, etc.

– Fun: [17]
Students learn better if the animation keeps them interested. Avoid boring
animations (like showing all 27 iterations of the main loop of Quicksort).

Using a declarative or imperative animation system, one can easily achieve
goals like uniformity or interactivity. But the major goal of explaining the func-
tional structure of an algorithm and visualizing its correctness and running time
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needs careful design (“even though it may be easy to animate a program, it’s not
so easy to produce an effective and informative animation”, Brown and Hersh-
berger [6]). The Pavane system [33] explicitly favors proof-based visualizations,
and the highly successful video “Sorting out Sorting” by Baecker [3] visualizes
different running times by showing a race between the nine sorting algorithms
explained in the video. It is worth noting that the production of this video took
three years [1] and was not just the result of the automatic animation produced
by some animation system. It uses a minimalistic approach by only showing the
data (and how it changes).

A good animation needs a sophisticated conceptualization [16]. The major
questions in the design of a good animation [1,27] are

– What to show?
– When to update?

Mulholland and Eisenstadt [26] found empirical evidence in the development
of their Transparent Prolog Machine (TPM) that novice programmers do not
always benefit from seeing graphical animations because the abstract interpre-
tation of these graphics needs some basic knowledge of algorithmics; without
that experience an animation is just a nice movie but the content hidden be-
hind the animation gets lost. Lahtinen et al. [24] go one step further and claim
that students learn much more about an algorithm when creating an animation
instead of just watching one. This is in line with Faltin’s [14] SALA (Struc-
tured Active Learning of Algorithms) approach to teaching algorithms which
lets students assemble complicated algorithms from simpler components in an
interactive learning environment.

3 Good Teaching Animations

In this section we will focus on three rules which in our opinion are most im-
portant for a successful teaching animation — the graphical display of values,
visualization of algorithm invariants, and visualization of the construction of an
algorithm. They follow from our own research and implementation of algorithm
animations and stress items that seem to us to be underestimated or missing in
the general literature on algorithm animation.

3.1 Display Values Graphically

Alphanumerical display of values is very useful if the exact value is looked for
(e.g., measurement of voltage, temperature, etc.). However, algorithm animati-
ons and many other areas of visualization usually need to show relations among
different value. As examples we can mention

– number sequences, when relations of values in the sequence are important
(e.g., increasing, decreasing, bitonic, randomly looking sequence);
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– time evolution of a particular value, when the immediate value has to be
compared to a value in one or more moments in the past or in the future
(e.g., increasing or decreasing in time, oscillating).

Our experience shows that it is extremely important to display the relation of
values in a graphical way in order to make the presentation easy to understand.

This rule is easy to follow and almost always followed in the case of a linear
sequence of numbers that typically occurs in sorting algorithm animations. A
simple horizontal row of vertical bars of length proportional to the values is
sufficient.

The rule is, however, surprisingly often overlooked in only slightly more com-
plex situations. For example, the main invariant of binary search trees (BST) is
that values stored in nodes increase from left to right (in the usual graphical
representation of a BST). Fig. 2 shows a BST presentation [23] that might sig-
nificantly enhance a student’s understanding of the BST search by giving an
alternative graphical way of illustrating the situation. The invariant is obvious
from bars located on the baseline below the corresponding nodes. It is also clear
that a query, represented graphically by a horizontal line in a given height over
the baseline, forces a move left from the current node represented by a vertical
arrow hanging from the node.

tree size = 5000

Fig. 2. A binary search tree. Only the top eight layers are shown, all deeper nodes are
hidden in subtrees; the length of the bar representing a subtree indicates its depth.
The lower half of the picture shows the BST invariant that node values in the tree are
non-decreasing from left to right, and a horizontal bar represents the current search
value.

In some cases one-dimensional structures are preferably displayed in a modi-
fied way, for example, a bitonic sequence (defined as a cyclic shift of a sequence
that first increases and then decreases) can, due to its nature, best be recognized
in a circular representation as shown in Fig. 7.
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The rule is much more difficult to apply to two dimensional structures. One
frequent source of such objects are graph algorithms, where the usual represen-
tation of the graph is as a planar drawing (even for non-planar graphs, where,
of course, crossing edges have to be allowed). Square or rectangular matrices
are another more regular source. Such matrices could also result from the time
evolution of one-dimensional arrays.

No technique seems to be universally applicable in such a situation. The
three-dimensional view of an object obtained from a planar structure by pro-
jecting values into the third dimension often gives very good and illustrative
presentations, but in general it is difficult to determine the best angle to view
the plot, and hence a user control might be necessary to ”fly” over it. As a re-
sult, this solution is quite complex from the view of both a programmer and a
user. Fig. 3 shows 3D views of a (node and edge) labeled planar graph used in
a Dijkstra’s shortest path algorithm applet [23].

Fig. 3. Dijkstra’s shortest path algorithm animation. The 3D representation of the
nodes and edges of the explored part of the graph helps to better understand the
algorithm.

In that example, reading the label of a node is further enhanced by composing
a column from layers of different color, where the height of the column displays
the value of the node label. An edge label (its length) is visualized by drawing
the upper border as a decreasing line; horizontal lines are used to make it easier
to see how much altitude is lost when an edge is traversed.

An additional benefit of the 3D representation in this particular application
is that the difference between the unexplored part of the graph, which is merely
drawn on the floorplan as a 2D object, and the part thas has been or is being
processed is very clear and further helps to properly understand the method.

Alternative ways are ad hoc methods that represent values graphically with-
out adding extra dimensions. It is sometimes very convenient to represent the
value of an item by color, starting with black for the lowest values and then
going through blue, red, and yellow to white for the highest ones, and that this
method is especially advantageous if values correspond to a ‘real’ physical va-
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riable (pressure, voltage, or even temperature itself). The physical size of an
object representing an item (matrix entry, graph node or edge, etc.) is another
possibility for graphical display. For example, in a graph the diameter of a circle
representing a node or the width of a line representing an edge could be propor-
tional to the label of the object. But although such methods are much simpler
to implement, they are also much less illustrative and do not give a direct im-
pression.

3.2 Visualize Algorithm Invariants Rather than Behavior

The theory of program verification tells us that knowing invariants necessary to
prove algorithm correctness is equivalent to understanding the algorithm. On
the other hand, an animation of an algorithm that only shows what is going on
without giving an idea of why is usually understandable just for observers that
already know the algorithm’s function and background ideas, and has therefore
only a very limited value as a teaching tool. In order to build an animation
that really teaches an algorithm it is a good idea to try to create a good visual
representation of the invariants and ways that demonstrate the design ideas.

Let us return to the example of binary search trees for which many animations
can be found on the Internet. Here the invariant is easy: “left/right descendants
of any vertex have labels that are smaller/greater than the label of the vertex”,
and therefore no effort is usually paid to its visual presentation. An animation
displaying labels of nodes as numbers drawn in the nodes enables a user to
check validity of the invariant and to predict te algorithm’s behavior, but it is
a textual rather than a visual presentation, and therefore reading rather than
seeing is necessary to grasp the invariant.

Fig. 2 shows one possible visual representation of a BST invariant [23]: nodes
of BST are naturally ordered from left to right, and if label values are shown by
vertical bars situated below the corresponding nodes it is clear that the sequence
is increasing from left to right. Since left goes down and right goes up, if a query
is visualized by a horizontal line and the current node during the search is
projected vertically onto the label sequence, it is immediately obvious to which
of the sons of the current node the search goes.

3.3 If Possible, Visualize an Algorithm’s Construction

In certain cases it is much more desirable to explain how an algorithm has been
built than how it works. This is especially a useful approach when the algorithm
in question can be represented using a recursively defined linear program or
combination circuit. As an illustration, two applets explaining a bitonic sorter
and Fast Fourier Transform (FFT) are given [23].

A bitonic sorter is originally displayed as a black box. A recursive construc-
tion can be stepped through; Fig. 4 shows the first step which illustrates the
main idea of the construction. However, classroom experience shows that it is
very useful to provide the possibility to go through the whole construction se-
quence, see Fig. 5: not only students have no problems to draw a sorter with,
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say, 16 inputs, but they are able to see the recursive structure behind it and to
understand its function. It is very convenient when the circuits really works at
any moment of the construction, and a sorting process can be visually followed
through circuit levels, i.e., stepping through a partially developped circuit (see
Fig. 4) illustrates clearly how the algorithm invariant is followed.

50  0 25  7 93 74 35 72 65 62 49 65 38 11 94 36

< > < > < > < >

< < > > < < > >

< < < < > > > >

< < < < > > > >

< < < < > > > >

< < < < > > > >

< < < < < < < <

< < < < < < < <

< < < < < < < <

< < < < < < < <

General sorting network < General sorting network >

Restricted sorting network < Restricted sorting network <

Fig. 4. Bitonic sorter (partially developped). The lower window shows the invariant
that both halves of the input sequence are bitonic.

An FFT applet shows how a butterfly based FFT network is built by a step-
by-step transformation from the original N × N matrix that formally defines a
discrete Fourier transform. The key step of the construction consists of showing
that, after a decomposition of the problem into four blocks of size N/2 × N/2,
there are only two different blocks. This can easily be visualized by moving one
of the equal blocks on the screen to graphically overlay the other one. Fig. 6
displays a situation shortly before the complete match of the blocks. Since the
second author has been making the applet available in an undergraduate algo-
rithms course the number of students with problems understanding the FFT
algorithm has decreased notably (but we admit that this might also be due to
other unrelated factors).
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Fig. 5. Bitonic sorter (fully developped).

3.4 Could and Should a Mathematical Proof Be Visualized?

A bitonic sorting network construction uses a subnetwork of depth one that
splits a bitonic sequence into two bitonic sequences, each element of the first
one being smaller or equal to any element of the second one. The animation
mentioned above and shown in Fig. 4 and Fig. 5 can be used to check that
this is always true, but without giving any hint why this happens. A rigorous
mathematical proof of the proposition is not trivial, and it is not a good idea
to build a chimeric product that consists of a Java animation combined in an
unseparable way with a difficult mathematical text.

It appears that one possible solution is to use what we call a ‘virtual machine’.
This is a visual dynamic object that is operated by a student using certain
controls; his or her task is to reach the final state of a machine (corresponding
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Fig. 6. Fast Fourier Transform animation. Overlaying the edge labels of two of the four
blocks of output edges shows that they are actually identical.

to the input data). At the beginning a user receives hints, but later he or she
should learn to work unguided. If the machine is appropriately designed a user
who knows how to operate the machine also knows how to prove the original
statement.

In the case of the bitonic sorter, the machine is built over a circular represen-
tation of the input bitonic sequence, see Fig.7. A user operates the machine by
rotating an arrow that points to pairs of items that are compared by a separator
subcircuit of a bitonic sorter. He or she is guided through a series of subtasks
that must be finished and separated by pushing the ‘Enter’ button; the first task
is to find the minimum and maximum elements of the sequence, then to observe
that paths from the minimum to the maximum are monotone, and the final task
is to find a proper cut of the input sequence that creates the two output bitonic
sequences of the bitonic separator.

Of course, such a visual ‘proof’ is not a proof in a strict sense, it is only an ex-
ample providing convincing evidence (although even mathematicians sometimes
resort to a ‘proof by convincing example’ [8]). It does not deal with arbitrary
bitonic sequences, even though we believe that it might be made truely general
using, for example, a graphical symbol standing for a general increasing sequence,
i.e., an abstract notion that represents a collection of particular similarly looking
objects. However, if a mathematical proof is used not to demonstrate correctness
of a given proposition but to explain why the proposition is correct, such ‘pro-
ofs’ (or convincing examples) based on inductions from typical cases and using



Algorithm Animation for Teaching 125

15

36

48

50
57

59

64

93

89

80

70

68
20

 6

 2

11

min = 15
max = 89

15 11  2  6 20 68 70 80 89 93 64 59 57 50 48 36

min = 15 max = 89

Fig. 7. Bitonic separator. The circular representation of the array makes it easier to
understand the properties of a bitonic sequence.

visual virtual machines seem to be equally good and in many cases easier to
understand.

4 Conclusions

We summarized advice on the features of a good animation as found in the recent
literature and stressed those rules that, in our view, are the most important. We
believe that it is not sufficient to create a “movie” illustrating the functioning
of an algorithm, but it is also necessary to use graphical tools to explain why
the algorithm works (which in most cases means the presentation of algorithm
invariants, as used in a correctness proof), to visualize its complexity (time,
memory, chip area, etc.), and to show how it was constructed. In some cases,
a good visual presentation requires a completely different approach that is not
a simple translation of a standard text-book description moved to the screen.
In particular, there is no blueprint how to create a good animation. For each
algorithm, we must find out where the conceptual difficulties of the algorithm
are hidden and then we must decide which weighting of the different criteria of
Section 2 can how be animated to show these difficulties in the best possible
way.
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Software engineers have long needed a way to understand complex software sy-
stems during all phases of the lifecycle. This need is driven by the fact that,
in Software Engineering, there is ample evidence that a clear and visual repre-
sentation of a software product can significantly enhance its understandability
and reduce the lifecycle cost. For instance, when large volumes of data or text
are to be understood or analyzed, it is often the case that a simple visual re-
presentation of the information allows the user to quickly and accurately detect
discrepancies caused by confusing software documents. This early understanding
reduces the person-months needed to take the project through successful system
implementation.

However, in order to discuss Software Visualization (SV) even briefly, we need
a common nomenclature. Several definitions of SV were given in the literature
[17] [4] [27] [25] [33]. In this paper, we approach SV from a Software Engineering
perspective, and hence we propose the following definition: software visualization
is a representation of computer programs, associated documentation and data,
that enhances, simplifies and clarifies the mental representation the software
engineer has of the operation of a computer system. A mental representation
corresponds to any artifact produced by a software engineer that organizes his or
her concept of the operation of a computer system. Hence, the main implications
of our definition are: 1) we do not restrict the term software to mean computer
programs; 2) we do not impose any restrictions on the term visualization: it can
be textual or graphical provided it meets the criteria established in the definition.

There is a wide range of SV tools on the market today and they differ in
regards to the type of visualization they provide, and the activity they target.
In order to synthesize past achievements and define a framework for future work,
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we present a survey as well as a classification of SV tools in software engineering.
In section 1, we present a set of attributes that can be used to classify SV tools.
We have divided existing tools into two broad families which are discussed in
sections 2 and 3. In section 4, we present a synthetic assessment of the two
families of tools, and suggest directions for future work.

1 Classifying Software Visualization Tools

SV tools are a necessary part of the software engineer’s daily regime. When
used in the early phases of software development, they yield lower costs and
better results in the implementation and maintenance phases. When used in
the later stages, they help developers maintain and enhance existing source code
bases. In the next section, we begin to characterize some tools that are produced
commercially as well as academically.

1.1 Characterizing SV Tools

In order to have a sound basis for classifying SV tools, we characterize each tool
by a number of orthogonal attributes.

1. Nature of the artifact. The most typical software artifact is code (source or
executable), but other kinds of products are also visualized: specification,
architectural design, algorithm, data structures, test data, documentation,
etc. Some SV tools are restrictive in the sense that they visualize only one
type of artifact, whereas others may work for a wide range of products.

2. Nature of the visualization. One of the important features of a SV tool is
the nature of visualization it provides. The visualization can be static or
dynamic.

3. Notation. SV tools can be characterized by the form of visualization they
provide. Among possible options we mention: graphical (2D or 3D), and
textual.

4. Viewpoint. The viewpoints can be functional, behavioral, structural or data-
centric. The functional viewpoint provides a view of the system in terms
of its tasks. The behavioral viewpoint describes the causal links between
events and system responses during execution. The data-centric viewpoint
is concerned with data objects used within the system and the relationships
between them. Finally, the structural viewpoint describes the static relati-
onships between objects (e.g., real-world objects, program entities such as
compilation units, sub-program units).

1.2 Classifying SV Tools

SV tools in Software Engineering can be grouped into two broad families. Con-
struction tools are used during the requirements, design and coding phases of
the development lifecycle. They visualize diagrammatic representations of re-
quirements and designs, and provide visual environments for the programming
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task. Analysis tools are used for code analysis, maintenance and re-engineering.
They come into play when non-documented applications must be modified or
enhanced, made more maintainable, or migrated to a new platform.

2 Construction Tools

2.1 Requirements and Design Tools

Diagrammatical notations are widely used in software design. For most users,
diagrams are usually the most effective way of providing a clear summary of
abstract concepts and relationships. However, this is not guaranteed, and a bad
diagram can be as useless as a heap of unstructured text. Several visualization
tools have been developed to assist designers in their tasks. Most of the tools
provide sophisticated graphical editors and user interfaces, but very few offer
automatic layout features.

StP/SE [1] integrates various software engineering models into a multi-user
environment via seven graphical editors (data flow, data structure, control flow,
state transition, control specification, structure chart, flow chart, requirements
table). Statemate [7] is a graphical tool used to represent reactive system
from three perspectives: structural, functional and behavioral. The structural
view provides a hierarchical decomposition of the system into its components;
the functional view describes the functions and processes of the system; the
behavioral view uses statecharts to represent control. The user of Statemate
draws statecharts manually, using a graphical editor. ViSta [2] ViSta is a tool
suite designed to support the requirements specification of reactive systems.
It enables the user to prepare and analyze a diagrammatic description of
requirements using statechart notation. It includes a statechart visualization
tool that automatically produces statechart layouts. Telelogic [35] is a tool
suite used to visualize, develop, implement and test distributed real time
system software. It is based on formal languages such as SDL, and graphical
notations such as statecharts and UML. The Portable Bookshelf (PBS) [21] is
an implementation of the Software Bookshelf, a web-based paradigm for the
presentation and navigation of information representing large software systems.
The PBS Toolkit provides a collection of executables, both stand-alone and
web based, which generate and populate a web-based information system for
large software systems. PBS provides a default framework for the displaying
subsystem landscapes, and links to generated and static documentation for
those subsystems. Visual Studio [15] and the individual tools and languages
it contains are the foundation for building Windows-based components and
applications, creating scripts, developing Web sites and applications, and
managing source code.

Most of the OO visualization tools use UML as a visual language to communicate
all phases of software development. They provide sophisticated graphical editors
to represent: system requirements through use cases; component collaboration
and scenario analysis through sequence diagrams; and architectural modeling
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through object modeling. Additional features include design-level debugging and
validation, and code generation. Very few tools provide layout features to opti-
mize the aesthetics of the drawings.

Rational Rose [26] is an award-winning OO model-driven development tool.
It allows users to model and develop applications using UML notation. Rational
RealTime [26] offers notation, processes and tools for real-time design constructs,
code generation, and model execution through the UMLTM notation. Rhapsody
in C, C++ and Java [9] uses the standard UML notation as a basis for de-
sign modeling, design validation, and automatic code generation. The Rhapsody
Developer Edition includes code generation for a variety of operating systems
including VxWorks, pSOS, Windows NT, and Windows CE. In addition, it co-
mes with a real-time framework in source code form so users of Rhapsody can
easily adapt the generated code for any other operating system, including pro-
prietary in-house systems. StP/UML (Software through Pictures) [1] is a graphi-
cal, object-oriented modeling environment that supports the analysis and design
phase of object-oriented applications. StP/UML facilitates the representation
of the application in the Unified Modeling Language via nine graphical editors
(use-case, class, sequence, collaboration, state, activity, stereotype, component,
deployment editors). DOME [8] (the DOmain Modeling Environment) comes
with a pre-built set of notations which include UML, Coad-Yourdon OOA, Col-
bert OOSD, IDEF0, and Petri-Nets. These notations can be used as is or can
be extended. The user can develop notations for specific applications, complete
with custom visual elements, required interface properties and analysis reports.

2.2 Visual Programming Tools

Visual programming tools provide graphical or iconic elements which can be
manipulated by the user in an interactive way according to some specific spa-
cial grammar for program construction [6]. Despite their names, languages such
as Visual C++ [13] or Visual J++ [14] are not visual programming languages.
They are textual languages which use graphical GUIs to make programming ea-
sier. Purely visual languages rely exclusively on visual techniques, and programs
written in these languages are never translated to textual-based representations.
Examples of purely visual languages include Prograph [24], Periproducer [18],
Sanscript [3], VisPro [38] and WiT [10]. Hybrid visual languages are characteri-
zed by the fact that they either involve the use of graphical elements in textual
languages, or they translate visual programs to text-based languages at compile
time.

2.3 General Purpose Graph Layout Tools

General purpose graph layout systems provide powerful layout tools which au-
tomatically calculate the positions of nodes and edges based on specific aesthe-
tic criteria. A layout style emphasizes certain graph characteristics and is used
to represent specific applications. For example, hierarchical layouts emphasize
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precedence relations, and are ideal for representing design notations such as sta-
techarts, structure charts or class diagrams; orthogonal layouts create schematic
representations and are adequate for representing entity-relationship diagrams,
or object-oriented designs; circular layouts portray interconnected ring and star
topologies, and are adequate for representing networks of software agents. Even
though these tools offer powerful layout features, they still need to be tailored
to specific applications before being used. Among the numerous general purpose
graph layout tools, we mention: Visio Technical [16], Tom Sawyer Graph Lay-
out Toolkit & Graph Editor Toolkit [30], aiSee [5], GraphViz [12], GraphEd, [19],
GraphLet [20], and Viztool [29].

2.4 Characterizing Construction Tools

Construction tools are used in the early stages of software development, hence
the artifacts subject to visualization are requirements documents, architectural
and detailed designs, and code (undergoing development). The nature of the
visualization is static, and the notation is either textual or graphical and two-
dimentional. Because of the wide range of notations used in the design phase,
the four viewpoints are covered.

3 Analysis Tools

3.1 Program Visualization

Program visualizations vary widely. They can be as simple as indentation of
source-code or as elaborate as graphical display of functional dependencies
among methods. The goal is to obtain valuable graphical visualizations that
do not complicate the comprehension of source unnecessarily. As with all visua-
lizations, graphical types can become unwieldy and, as a result, unused.

xSuds software visualization and analysis toolsuite [34] is a set of software
testing, analysis, and understanding tools for C/C++ programs. The tools were
developed to analyze the dynamic behavior of software and to allow the user to
visualize all program data through an integrated graphical user interface. Many
of the tools use color, simplified charts, and textual notations to express the
specific visualizations. Grasp [37], a Graphical Representations of Algorithms,
Structures, and Processes , provides a control flow and data structure diagram
that is designed to fit into the space that is normally taken by indentation in
source code. The visualization allows the user to recursively fold up a structure
(method, loop, if statement, etc.) with a double click of the mouse, then un-
fold it level-by-level. Syntax based coloring, selection, and find-and-replace are
provided. Source navigator [32] is a source code analysis tool for C, C++, Java,
Tcl, FORTRAN, and COBOL. It displays relationships between classes and fun-
ctions and members, and displays call trees. Jtest [23] is a java testing tool. Jtest
automatically performs white-box testing, black-box testing, regression testing,
and static analysis (coding standard enforcement) of Java code and presents the
results of the tests in graphical format.
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3.2 Re-engineering Tools

Re-engineering tools are among the most recent additions to the SV genre. They
aid in understanding legacy code and enable users to easily maintain or migrate
the system to new platforms. A legacy system that was written years ago by a
long-absent programmer, can be re-written by the tools into a new language with
new documentation and graphical views. This is not to say that intervention is
not required by a software engineer, only that their task is made much simpler.

Understand [28] is used for overall system understanding. Understand parses
source code to reverse engineer, automatically document, calculate code me-
trics. Views include call (invocation) trees, call by trees, generic instantiation
trees, with trees, with-by trees, colorized source browsing/editing and detailed
HTML/text documentation of analysis information. Fujaba using a graphical UI,
accomplishes round-trip engineering with UML, SDM, Java and Desgin Patterns.
Fujaba combines UML class diagrams, UML behaviour diagrams, SDMstory dia-
grams, and design patterns for a formal system design and specification language.
Rigi is focused on the reverse engineering of legacy systems. Inherent in the mo-
del is the notion of nested subsystems that encapsulate detail, providing high
level overviews of software systems presented using a graphical interface. To-
gether ControlCenter’s [36] core visualization features include a UML-modeling
editor for simultaneous round-trip engineering for multiple languages. Together
also generates documentation for Java programs in JavaDoc format. Discover
[31], provides a complete re-engineering environment for C code. Imagix 4D [11]
collects data from various types of C and C++ data sources and creates control
flow graphs, flow charts, call graphs, class hierarchies, class relationships, etc. It
documents files, classes, functions automatically.

3.3 Characterizing Analysis Tools

The main artifact analyzed and visualized by analysis tools is an existing body
of source code. The visualization is mostly static, even though some tools of-
fer animation features. The notation is mainly graphical and two-dimensional
(3D tools are still in the experimental stage). Code analysis leads to graphical
representations that reflect all four viewpoints.

4 Conclusion

Over the years, visualization tools have evolved to meet the increasing demands
of the software industry. Yet, as software projects grow to monumental size and
complexity, the need for a new generation of tools is more pressing than ever.
Most of the existing construction tools offer nothing more but sophisticated
graphical editors for visualization. While these tools help in the analysis and
design of small to medium software projects, they are useless for large, complex
applications. In this case, it is imperative to complement them with powerful
layout features, such as the ones developed by the graph drawing community (see
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section 2.3). In addition, very few construction tools offer dynamic visualizations,
i.e., animation and simulation. It is apparent that more research is needed in this
area. Finally, even though some visual programming environments are available
on the market, these tools are still not widely used by the software engineering
community. It may be interesting to assess these tools and determine the features
that will make them more appealing to software engineers.

With respect to analysis tools, it seems that most of the work has concen-
trated on the development of elaborate information extraction methods. Most of
the analysis tools rely on general purpose graph layout tools to visualize informa-
tion. Because these tools are generic, they do not take into account the drawing
conventions of accepted software engineering notations (e.g., UML, data flow
diagrams, etc). Additionally, these layout tools do not scale. In re-engineering,
software artifacts may necessitate the visualization of graphs consisting of tens
of thousands of nodes. Hence, in addition to improving the existing layout algo-
rithms, it is necessary to develop new navigation mechanisms to browse through
complex representations of code. Or better, it may be the time to investigate
new visualization techniques.

This chapter starts with a paper by Rainer Koschke from the University of
Stuttgart discussing visualization tools for reverse engineering. The author de-
scribes Bauhaus, a system which recovers architectural designs from C programs.
The visualization of the recovered information is produced by the generic graph
editor of Rigi [22], and the general purpose graph layout tools Graphed [19] and
Graphlet [20].

Wim De Pauw et al. from IBM Watson Research Center describe Jinsight, a
tool that visualizes the run-time behavior of Java programs. Jinsight allows the
user to explore program execution through several linked views (e.g., histogram
view, reference pattern view, execution view, etc.).

Katherina Mehner from the University of Paderborn discusses a visualiza-
tion and debugging environment for concurrent Java programs. The UML-based
visualization is achieved by integrating the tool with Together [36].

Rainer Oechsle and Thomas Schmitt from the Universities of Trier and
Saarbrücken describe JAVAVIS, a system used to visualize the dynamic be-
havior of sequential JAVA programs. The tool displays the object and sequence
diagrams of a running program.

Thomas Zimmermann and Andreas Zeller from the Univerity of Passau di-
scuss the visualization of memory graphs. A memory graph is a construct that
captures the state of a running program at specific times during its execution.
This paper discusses an analysis and extraction method. The visualization is
produced by the generic graph layout tool Graphviz [12].
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Abstract.

This article describes the Bauhaus tool suite as a concrete example for software visua-
lization in reverse engineering, re-engineering, and software maintenance. Results from
a recent survey on software visualization in these domains are reported. According to
this survey, Bauhaus can indeed be considered a typical representative of these domains
regarding the way software artifacts are visualized. Specific requirements for software
visualizations are drawn from both the specific example and the survey.

1 Introduction

Reverse engineering is the process of analyzing a subject system to identify
the system’s components and their relationships and create representation of
the system in another form or at a higher level of abstraction, whereas re-
engineering is the examination and alteration of a subject system to recon-
stitute it in a new form and the subsequent implementation of the new form.
Re-engineering generally includes some form of reverse engineering (to achieve
a more abstract description) followed by some form of forward engineering or
restructuring [Chikofsky & Cross, 1990].

Research in reverse engineering focuses on extracting, storing, presenting,
and browsing information, reducing the amount of unnecessary information for
a particular task, analyzing the extracted data and to build useful abstractions
of the system under analysis. Because reverse engineering is generally a highly
interactive and incremental process, in which results of automatic analyses need
to be presented to the reverse engineer that are then validated, augmented, and
fed back to following automatic analyses, software visualization plays a key role
in reverse engineering. Presenting the data to the reverse engineer in a suitable
manner is a main issue here and the reverse engineering research community
struggles with finding solutions to this problem.

In the next section, the Bauhaus tool suite is described as one concrete ex-
ample of software visualization for reverse engineering. The example is not a
particularly advanced use of software visualization. As a matter of fact, I rather
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believe that there is still enough room for improvements. The example was cho-
sen because it can be considered typical for the domain according to a survey
that I recently conducted [Koschke, 2001]. Bauhaus is rather an example for the
state of the practice than for the state of the art with respect to its software
visualization capability. With respect to its analytical reverse engineering capa-
bilities, it is more advanced. Yet, its exact analyses are beyond the scope of this
article. The results of the more general survey are presented in Section 3.

2 Architecture Recovery in Bauhaus

The Bauhaus project researches reverse engineering techniques to help program
understanding of legacy code [Bauhaus, 2001]. Bauhaus has support for frequent
maintenance tasks that involve program-understanding-in-the-small (points-to
and side effect analyses, detection of uses of uninitialized variables and dead code,
program slicing, etc.) and re-engineering tasks that require knowledge of the sy-
stem’s architecture and hence are more oriented toward program-understanding-
in-the-large.

This section describes the software visualization in Bauhaus. However, we
will start with some background information on reverse engineering.

2.1 Reverse Engineering Background

Analyzing a system, we can roughly distinguish three different levels of abstrac-
tion:

– The lower level represents the source code in a way that contains all neces-
sary details of syntactic, semantic, control and data flow information.

– The middle level only contains global information that can be automatically
extracted from source code, like global variables, functions, user-defined ty-
pes and their relationships. The middle level is the seam between the lower
level and the next upper level, namely, the architectural level.

– The architectural level contains architectural information.

Bauhaus seeks to recover architectural descriptions from source code. Ac-
cording to the IEEE Standard on Recommended Practice for Architectural De-
scription of Software-Intensive Systems [IEEE-Std-1471-2000], an architectural
description is a collection of products to document an architecture. An architec-
ture is the fundamental organization of a system embodied in its components,
their relationships to each other and to the environment, and the principles gui-
ding its design and evolution. A view is a representation of a whole system from
the perspective of a related set of concerns. A viewpoint is a specification of the
conventions for constructing and using a view. A viewpoint acts as a pattern
or template from which to develop individual views by establishing the purpo-
ses and audience for a view and the techniques for its creation and analysis
[IEEE-Std-1471-2000].
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2.2 Extracted Artifacts

Information about the system is exclusively extracted from the source code in
Bauhaus – because this is the only reliable source of information – and represen-
ted at each level as graphs with varying granularity. The maintenance analyses
are based on information at the lower level only and are fully automatic. Their
results are generally represented as links to the original source code. On the other
hand, architecture recovery with Bauhaus is a semi-automatic process that in-
volves the Bauhaus user (presumably a software maintainer or auditor). Due
to the highly interactive nature of this process, software visualization is an im-
portant part. While Bauhaus uses marked-up text and hypertext for the results
of the more source-code oriented maintenance analyses at the lower level, the
architecture recovery tasks have higher demands on software visualization.

At the middle level, information extracted from the source code is represented
as a resource graph (RG) [Koschke, 2000]. The resource graph is a coarse-grained
intermediate representation that represents concrete as well as conceptual infor-
mation in form of entities and their relationships. Concrete information consti-
tutes a base view and is global information that can be directly extracted from
the source code, yet abstracts from a particular source language, such as call,
type, and use relations. The conceptual information is added by the Bauhaus
user based on results from automatic reverse engineering analyses. Currently,
the Bauhaus toolkit offers techniques for component and connector recovery. In
the following, we will focus on the component recovery part of Bauhaus. The
semi-automatic process of component recovery will be described in Section 2.4.

Entity

Composite

ModuleComponent
Global Declaration

Subprogram TypeObject

Variable Constant

Primitive

Record Component

Fig. 1. Entities of the Resource Graph

The entities of the RG are programming language constructs and recovered
abstract concepts. The entities, which are represented as nodes in the RG, are
shown by the UML inheritance model in Figure 1. Relationships are represented
as edges in the RG. Examples of relationships range from information that can be
directly extracted from the source code (e.g., function calls, variable references,
function signatures) – as shown in Figure 2 as base viewpoint – to more abstract
concepts (e.g., the conceptual component decomposition as shown in Figure 2).
The RG can be visualized and manipulated in Bauhaus with our extension of
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the graph editor Rigi [Müller, 1992]. The RG is the shared knowledge base –
so-to-speak – between automatic analyses and the Bauhaus user.

Even though the RG is a coarse-grained representation of the system, the
RG gets large for large systems. Figure 3 shows the number of nodes and edges
in the RG that represent extracted information for five C systems (Concepts,
Aero, Bash, CVS, and Mosaic) in the range of 7 to 52 KLOC (thousand lines
of code). Interestingly enough, as Figure 3 shows, the RG size is not necessarily
a monotonic function of the program size in terms of commented lines of codes
(Figure 3 only contains the entities and relationships of the base viewpoint as
described in Figure 2). The RG for the system Aero, which has about 28 KLOC,
has more nodes and edges than the RG for the three larger systems (except
for the number of edges for the largest system, namely Mosaic). The number
of nodes per lines of code depends on the programming style, in particular the
number of lines of code per subprogram and the use of global variables. However,
the graph density in terms of number of edges per node seems to be a constant
factor of about four edges per node at the middle level.
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Fig. 2. Base, Physical Module, and Conceptual Component Viewpoints

2.3 Recovered Conceptual Artifacts

One particularly developed part of Bauhaus supports component recovery for
procedural programming languages, specifically for C. Components are cohesive
groupings of related global declarations of subprograms, variables, and user-
defined types. The decomposition of the system into components is a structural
viewpoint of the conceptual architecture. Component views are needed for re-
modularization, migration to object-oriented languages, and program understan-
ding in general. The component view gives a maintainer a conceptual perspective
of the system and is in contrast to the physical module view that shows how the
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system is decomposed into physical modules (or files in the programming langu-
age C). The latter view can trivially be derived by looking at the existing files
that make up the system. However, the physical module view shows the system
as built and may not necessarily reflect how the decomposition of the system
should be decomposed into cohesive groupings. Due to ad-hoc maintenance tasks
the (originally well-designed) physical module decomposition may be deteriora-
ted, i.e., show high coupling between modules and low cohesion within modules.
Conceptual components, by definition, are always cohesive.

Figure 2 shows the description of the physical module view consisting of
modules, program primitives, and their part-of relationships and the conceptual
component view consisting of modules, program primitives, and their part-of
relationships. Note that components can be hierarchical whereas modules that
model C header (include files with suffix .h) and body files (that contain function
definitions with suffix .c) cannot contain other modules.

The process of recovering the component view is described in the following
section.

2.4 Component Recovery Process

Bauhaus supports an iterative semi-automatic method to detect components,
also known as logical modules or objects. The analysis cycle consists of the follo-
wing steps (see Figure 4) [Koschke, 2000]:

1. The Bauhaus user selects one ore more fully automatic techniques. Cur-
rently, 15 different techniques are available, many of them have additional
variants. The description of the techniques is beyond the scope of this article.
A detailed description can be found in [Koschke, 2000].

Fig. 3. Number of Nodes and Edges at the Middle Level
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2. The selected techniques use as input the base view that contains the program
primitives and their relationships extracted from the system (see Figure 2)
and the so-called user view that contains the components that have been
found so far. In the beginning, the user view is empty.

3. Each analysis application yields one component view, which can be assessed
by certain metrics (e.g., number of elements, name similarities, cohesion,
etc.). Multiple component views of different analyses may be combined by
intersection, union, and difference based on fuzzy sets.

4. The resulting combined component view may then be validated by the user.
The user can reject components in part and as a whole and may add addi-
tional entities to existing components. Accepted components are moved to
the user view.

The user controls the detection process by selecting analyses and metrics and
by validating the candidates proposed by the automatic techniques. The task of
the computer comprises the automatic analyses, computation of the metrics for
the proposed candidates, presentation of the results, and bookkeeping of the user
decisions.

An analysis selected by the user takes into consideration the components
that were previously confirmed by the user (in the first iteration there are none).
Thus, the analyses are applied incrementally. In each iteration, the user selects
and combines different analyses to find components that could not be found by
previous analyses. The process ends when the found components are sufficient
for the task at hand or no further component can be found anymore. Each
intermediate and resulting view can be visualized as a graph as described in the
following section.

2.5 Software Visualization in Bauhaus

Suitable visualization is an important issue in the above process of architecture
recovery. The user should be able to quickly grasp the represented information.
Moreover, he or she should also be able to quickly derive other information that
might be needed, yet not forseen by our analyses. Hence, beyond pure visualiza-
tion, browsing capabilities for the large information space need to be offered,
too. Since our research focus in on the analytic parts of architecture recovery
rather than visualization or browsing of architectural views and developing an
own visualization and browsing tool is a major effort, we used and extended the
generic graph editor, Rigi, originally developed by Hausi Müller and his team at
the university of Victoria in Canada [Müller, 1992].

Rigi is an interactive, visual graph editor designed to help to better under-
stand and redocument software. The underlying multi-graph consists of typed
attributed nodes and directed edges. Special level edges allow for hierarchical
graphs. Rigi provides selection, filtering, and editing operations, dependency
and change impact reports, overview and projection perspectives, metrics for
cohesion and coupling, views to capture interesting perspectives, a scripting lan-
guage and command library, annotations of nodes and edges, and a customizable
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user interface. Nodes may be linked to source positions and a user-defined text
viewer may be opened to show the source text when the user clicks on the node.
Rigi is adaptable to different languages and purposes.

Rigi also offers different automatic graph layouts. Only some of them are
built-in layouts, namely, those for trees and grids. For more advanced layouts,
Graphed is used as an external layouter for spring embedder and Sugiyama’s
layout [GraphEd]. Our group has integrated Graphlet as an additional external
layouter [Graphlet]. Tree layouts are used in Bauhaus/Rigi for the dominance
tree, which shows local functions in the call graph and subsystems in the de-
pendency graph, and for the result of hierarchical clustering techniques for com-
ponent recovery. Spring embedder and Sugiyama’s algorithm are used for call
graphs and type and reference relationships.

Figure 5 shows a few visualization examples with Bauhaus/Rigi. The left up-
per window shows all nodes and edges of the base view (the base view is described
in Figure 2) for a 7.5 KLOC system, overlapping each other. Obviously, this vi-
sualization is useless. In order to understand all the relationships that are there,
filtering and selection mechanisms are needed. The upper right window shows
the contents of a component that contains two types and eight subprograms.
The visualization immediately shows that three subprograms are connected to
both types and all others are connected to one type only. The lower left window
shows the result of a hierarchical clustering technique. The iterative hierarchical
clustering technique groups in each step the two most similar subtrees based on
a similarity metric in a bottom-up fashion. The visualization shows the order
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of this clustering, i.e., the most similar entities can be found in lower subtrees.
The higher a subtree, the less similar are its elements. Each inner node (which
represents a grouping) is annotated with its similarity value. This visualization
is an important guidance for a user’s validation. The user can start at the leaves
and then climb up the tree until a grouping gets doubtful. In principal, the same
information could also be ”visualized” as a matrix of similarity values, but the
superiority of the visualization as tree is obvious. The visualization is even active
in the sense that a user can reject and accept groupings within the visualization
and obtain the source code of contained programming primitives by one mouse
click. The lower right window shows an example on how components can be
assessed with metrics. The metric value is expressed as the size of the nodes
that represent components. This way the relation between the components with
respect to the given metric is easy to grasp.

Fig. 5. Different Kinds of Visualization with Bauhaus/Rigi

The Bauhaus GUI, which is based on Rigi, has a few unpleasant properties.
It is relatively slow, which can cause noticeable waiting periods for large graphs
and hence sometimes disrupts the fluent use of the tool. Graphs with more than
500 nodes, graphs with multiple edges between the same nodes, and disconnec-
ted graphs cannot be automatically layouted due to limitations of the external
layouter Graphed. Graphlet does not have these principal restrictions, but it is
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much slower than Graphed and its layouts cannot be used for larger graphs in
an interactive application.

The visualization of nodes and edges is limited, too. All nodes have the same
shape of a rectangle. Semantics of nodes and edges is encoded by colors only,
making it difficult to distinguish nodes and edges if one has many different types.
Nodes have only two ports to which edges can be connected – one for incoming,
one for outgoing edges. If two nodes have multiple shared edges, edges lay on
top of each other. Edges are only straight lines and may not have bends, which
basically makes use of planar graph layouts impossible.

3 Software Visualization for Reverse Engineering in
General

Software visualization in Bauhaus is rather typical for the domain of reverse
engineering as can be seen by a survey recently conducted [Koschke, 2001]. This
section describes the findings of the survey.

The survey was conducted by way of a questionnaire sent via email to
researchers in the areas of software maintenance, reverse engineering, and re-
engineering. The list of researchers was compiled from several lists of attendees
and PC members of conferences related to these fields, namely, the Internatio-
nal Conference on Software Maintenance (ICSM), the Working Conference on
Reverse Engineering (WCRE), the International Workshop on Program Com-
prehension (IWPC), and the European Conference on Software Maintenance and
Re-engineering (CSMR). The list contained about 580 different email addresses.
The response rate of the survey was about 20 percent. Out of the 111 answers,
83 researchers confirmed that they are active researchers in the area of software
maintenance (absolute number: 56), reverse engineering (52), re-engineering (36),
metrics (25), and related domains (6), where multiple selections were possible.

Roman and Cox define program visualization as the mapping from pro-
grams to graphical representations [Roman & Cox, 1992]. The definition is ge-
neral enough that we can widen it to other kinds of software artifacts (including
programs). Consequently, we define software visualization as the mapping from
software to graphical representations. Different categories of software visualiza-
tion may be distinguished according to the following criteria with respect to this
mapping [Roman & Cox, 1992]:

– Scope: what aspect of the software is visualized?
– Abstraction: what kind of information is conveyed by the visualization?
– Specification Method: how is the visualization constructed?
– Technique: how is the graphical representation used to convey information?

The survey on software visualization in the area of software maintenance,
reverse engineering, and re-engineering has shown that the scope of the visua-
lization is quite diverse [Koschke, 2001]. It ranges from module and subsystem
dependencies, call graphs, object models, software architectures, web artifacts,
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semantic nets and ontologies, control and data flow, database schemas, directory
structures to source text.

In terms of Roman and Cox’s taxonomy, the abstraction mechanism embo-
died in common reverse engineering tools is usually a structural representation
that is obtained by concealing or encapsulating some of the details associated
with the software or its execution and using a direct representation of the re-
maining information [Roman & Cox, 1992]. Graphs are typically used to depict
program structures, dependencies, control and data flow. The information pre-
sented to the viewer is present in the program, although simply obscured by
details. The representation simply conveys the information in a more economi-
cal way by suppressing aspects not relevant to the viewer. For instance, a call
graph shows aspects of the software’s global control structure, but at the same
time it suppresses detailed aspects of the call sites, like the conditions that must
hold for the calls to happen and the exact number and order of multiple calls in
the same function body.

The specification method is generally predefined, i.e., the viewer cannot really
influence the way the information is presented. Many systems allow the viewer to
specify colors or shapes for the visualization or select different kinds of automatic
graph layouts, but the principle way of visualizing is generally fixed.

The techniques most maintenance, reverse engineering, and re-engineering
tools use to visualize information are centered around graphs and text, as shown
by the recent survey [Koschke, 2001]. Among the selected representations, graphs
are used in 52% of the cases (many of them are hierarchical graphs). In 18% of the
cases, UML diagrams are used. Text and hypertext are used in 18% of the cases,
but we may assume that a textual representation is actually much more often
used than responded – many people do not perceive text as a way of software
visualization. Other, less frequently used ways of representation are scatter plots,
charts, process flows, database models, and tables.

Animation is rarely used. Only 12.5% of the respondents said that they are
using animated representations. Interestingly enough, 40% do believe that ani-
mation is useful (in particular for dynamic information) and 34% responded that
it might be useful – whereas only 15% believe it is not useful at all (11% did not
answer the question).

Since graphs are the dominant way of visualization, the question is raised
whether automatic graph layout algorithms are used. As a matter of fact, 71%
of the respondents use automatic graph layouters (12% did not answer the que-
stion). Among these, surprisingly many have implemented their own graph layout
algorithms (28%). Only 41% use the readily available non-commercial or com-
mercial graph layout packages (31% did not answer the question). The most fre-
quently used layout package for graphs is the GraphViz system by AT&T (12 in
absolute numbers) [GraphViz]. GraphEd [GraphEd] and its successor, Graphlet
[Graphlet], together amount to 7 users. Another 9 use commercial UML tools
for rendering UML models, like Rational Rose or Together. VCG is used by 5
[VCG], whereas the commercial layout package by Tom Sawyer Software is used
by 2. Three people are using Rigi (these people also use the integrated GraphEd
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implicitly; the number of users given for GraphEd includes the Rigi users). The
remaining 10 people use other packages such as Java2D, Java3D, Microsoft Visio,
daVinci, and others.

The most frequently used class of layout algorithms is those for trees (10 in
absolute numbers); 9 people use a Sugiyama algorithm, and 7 a spring embedder.
Only 2 people use planar graph layout algorithms. The remaining 8 use other, less
known layouts like Tunkelang, Minbackward, Barymedian, Manhattan Edges, X-
Dags, SequoiaView, and others.

The encouraging message for researchers in the area of software visualization
is that 40% of the interviewed people believe software visualization is absolutely
necessary for software maintenance, reverse engineering, and re-engineering and
still 42% think software visualization is important but not critical. 7% think that
it is at least relevant and 6% that they can do without but it is nice to have.
Only 1% (actually, a single person) believes software visualization is not an issue
at all (4% did not answer the question).

Even though most people acknowledge the importance of software visualiza-
tion, relatively few people consider it their primary research (11%) or at least
a substantial part of their research (18%). Many people are doing research in
software visualization every now and then (20%). The relative majority is prima-
rily using or integrating existing software visualization tools developed by others
(33%). 11% do not deal with software visualization at all. 7% did not answer the
question.

4 Conclusion

We conclude with listing problems of software visualization for software mainte-
nance, reverse engineering, and re-engineering drawn from our own experience
in Bauhaus and the survey. I do not think that they are all specific to the men-
tioned domains, but will arise for all domains in which large and semantically
rich information spaces are to be visualized.
Semantics. Graphs are frequently used to represent information. However,

these graphs do have semantics and automatic layouts should take the semantics
of nodes and edges into account and also the conventions used to draw such
graphs manually. For instance, in a UML class model, one would expect to direct
all inheritance relationships in one direction; all other kinds of relationships are
subordinated.
Size. The amount of data that need to be visualized can be rather large;

graphs with 4,000 nodes and more are typical. One may argue that graphs at
this size should not be visualized at once since they cannot be understood at
this size anyway. In fact, one needs additional navigation, selection, and filtering
mechanisms. However, even if a larger call graph with more than 1,000 nodes
(still a small system) should be presented in excerpts, the layout for the whole
graph needs to be computed in advance. Then a ”lense perspective” could be
used to browse the large graph showing only subgraphs – where the nodes in
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the whole graph as well as in the mental map of the viewer would keep their
position while the viewer moves the lense.

Evolution. Maintenance and reverse engineering activities require weeks,
months, or even years, and usually one cannot afford to freeze normal deve-
lopment. Consequently, the system is permanently under change and, hence,
there is not just one graph, but many graphs that are derived from each other.
Visualizations may evolve and one has to keep track of this evolution

Multiple users. Large maintenance and reverse engineering projects require
team-work and, hence, visualizations need to support multiple users that may
work at the same system at the same time at possibly different locations.

Multiple views. Maintenance and reverse engineering involve different sta-
keholders and, thus, require multiple perspectives from which a system may be
viewed. Moreover, different dimensions of the data need to be visualized, like the
time dimension or level of abstraction. Multiple views raise the questions of how
to integrate these views, how to navigate within and between views, and how to
preserve the context during navigation?

Static and dynamic visualization. Most kinds of visualization in mainte-
nance, reverse engineering, and re-engineering are static. However, for dynamic
aspects animated visualization would be useful.

Cognitive models. There is a lack of cognitive models for visual understan-
ding and empirical evidence for appropriate visualizations, i.e., we currently do
not really know how maintainers grasp visualized artifacts and which kinds of
visualization work best for a specific problem. If we knew answers to the latter
question, we could also try to automatically select the right kind of visualization
depending upon criteria of the input data to be visualized.

Interoperability. No single tool alone can solve the manifold and complex
problems of reverse engineering. Consequently, several tools need to be integra-
ted, which requires a high degree of interoperability among tools. Currently, the
reverse engineering community works on interoperability issues, in particular,
on data exchange and standard schemas. GXL has been evolved to a standard
vehicle for data exchange among reverse engineering research tools [GXL]. GXL
basically allows one to transfer graphs. It would be advantageous to the reverse
engineering and software visualization community to agree upon a joint exchange
format.

The Dagstuhl seminar on software visualization has brought together many
researchers from very different areas of software visualization. Most of their ideas
on software visualization are specifically interesting for the domain of mainte-
nance, reverse engineering, and re-engineering and may help to overcome some
of the problems mentioned above. Strangely enough, there is surprisingly little
overlap between the communities for reverse engineering and software visua-
lization in terms of people despite of the large overlap in terms of topics. It is
high time for our communities to team up since our common goal is to help
programmers understand programs.
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1   Introduction

Jinsight is a tool for exploring a program’s run-time behavior visually. It is helpful for
performance analysis, debugging, and any task in which you need to better understand
what your Java program is really doing.

Jinsight is designed specifically with object-oriented and multithreaded programs
in mind. It exposes many facets of program behavior that elude conventional tools. It
reveals object lifetimes and communication, and attendant performance bottlenecks. It
shows thread interactions, deadlocks, and garbage collector activity. It can also help
you find and fix memory leaks, which remain a hazard despite garbage collection.

A user explores program execution through one or more views. Jinsight offers sev-
eral types of views, each geared toward distinct aspects of object-oriented and
multithreaded program behavior. The user has several different perspectives from
which to discern performance problems, unexpected behavior, or bugs small and
large. Moreover, the views are linked to each other in many ways, allowing naviga-
tion from one view to another. Navigation makes the collection of views far more
powerful than the sum of their individual strengths.

2   Object Population in the Histogram View

The Histogram view is a basic visualization of resource consumption (CPU and
memory) in terms of classes, instances, and methods. It gives an overview of hot spots
in a program’s execution.

The Histogram view arranges information by class. In Fig. 1, each row shows the
name of a class followed by colored rectangles representing the instances of that
class. Colors for instances and classes can depict various criteria:

•  time spent in methods relating to that instance or class
•  number of calls
•  amount of memory consumed
•  number of threads in which the instance or class participates
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Hot spots and patterns of resource usage are immediately visible in this view. You
can get more detailed information about individual elements by clicking on them or
merely positioning the mouse cursor over them. The view also gives you a good idea
of when objects are created and garbage collected. (A rectangle turns into an outline
when the object has been collected.) This can help you spot memory leaks, as we
explain later.

The lines in the view represent relationships among objects. For example, Fig. 1
shows all the method calls on objects of class java/lang/Integer. You can tell the view
to indicate how each object calls, creates, or refers to other objects. Seeing connec-
tions among objects is useful for detailed investigation of calling and reference
relationships. However, the combinatorial nature of these relationships will make any
program larger than “Hello world” hard to examine.

Fig. 1. Histogram view

3   Pattern Extraction in the Reference Pattern View

Complexity is indeed a challenge when visualizing the execution of object-oriented
programs. We deal with complexity in a number of ways. First, a good visualization
makes it much easier to interpret complicated behavior than poring through textual
data. In this section we discuss another technique, pattern extraction, that can sim-
plify visualizations by eliminating extraneous detail. Later in this paper we discuss yet
another approach to handling complexity, employing database techniques to structure
the information.
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Instead of displaying every nuance of the execution, the pattern extractor analyzes
execution data for recurrences in the calling and reference relationships. Visualiza-
tions can display consolidations of these recurrences, thereby revealing the essential
behavior.

Fig. 2. Reference Pattern view

Fig. 2 shows the result of selecting a Hashtable object in the Histogram view and
then examining its current structure in the Reference Pattern view. Instead of showing
individual instances, the Reference Pattern view groups them by type and reference,
twin squares denoting collections of objects. In the figure we see a square represent-
ing the Hashtable object (far left) that points to an array of Object instances—more
precisely, 329 HashtableEntry objects. These objects contain 413 references to String
objects, which in turn refer to 413 arrays of characters. The original 329
HashtableEntry objects themselves refer to 43 others containing references to yet
seven others, along with 75 String instances—and so on. The complete data structure
contains more than 1000 elements, making it difficult to visualize when fully ex-
panded. Visualizing the pattern of references lets you view and understand this data
structure efficiently.

4   Memory Leak Analysis

We use the same pattern extraction technique to detect memory leaks. The process for
finding most memory leaks assumes a simple but common scenario. A user-level
operation (for example, the display of a dialog box) creates temporary objects. When
the operation completes (the dialog box is closed), we expect all of the temporary
objects to be released—but some are not.

Fig. 3 illustrates this scenario schematically. The program has reached a stable
state; its object population is shown in the lower area. The user of the program per-
forms an operation that creates temporaries, which appear in the upper area. When the
operation terminates, the program should nullify any reference from the old objects
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(lower) to the new objects (upper). As a result, the new objects become garbage to be
collected. Often, however, old objects unexpectedly obtain additional references to
new objects (Fig. 4).

 

Fig. 3. Ideally, the program will remove any reference from old objects to new ones

 

Fig. 4. Typically, old objects acquire unaccounted references

A typical case is a registry that acquires a reference to a new object (as shown by
the long arrow on the right in Fig. 4). The programmer may not be aware of this refer-
ence and hence may fail to set this reference to null at the end of the operation. Thus
the garbage collector will not reclaim the new objects.

To debug such a scenario with Jinsight, the programmer identifies a span of execu-
tion that subsumes the lifetime of the temporary objects (for example, the beginning
and end of a user operation). The goal is to identify temporary objects, and any refer-
ences to them, that persist beyond this period.

The Reference Pattern view (Fig. 5) helps you identify such objects; they appear in
the gray area of the view. These are the temporary objects that are no longer needed



Visualizing the Execution of Java Programs         155

Fig. 5. Reference Pattern view again

but cannot be reclaimed due to outstanding references. The white area on the right
contains objects that refer, either directly or indirectly, to the unreclaimed objects.
There are a few common sources of outstanding references to look for:
•  References from old-generation objects (sometimes indirectly through other new-

generation objects). Look for names labeled “old” in the white area, which identify
old-generation objects.

•  References from static data members. Look for diamonds in the white area, which
represent class objects.

5   Performance Analysis by Visualizing Event Sequences

So far, we have focused on object profiling and memory leaks. Making a program run
faster also requires understanding the structure and sequence of operations in the
program. Performance analysis used to mean finding the hottest method in the pro-
gram, but in most programs that approach would merely return one of Java’s String
methods. Knowing the sequence of calls in a program is far more helpful.
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Consider a sample program from the SQLJ package that retrieves data from a DB2
database. The program executes more slowly than desired. A better understanding of
this program’s execution can be had by examining it in Jinsight’s Execution view
(Fig. 6).

Fig. 6. Execution view

In this view, time proceeds from top to bottom. Each colored stripe represents the
execution of a method on an object. Moving from left to right takes you deeper into
the execution stack. The stripes are color-coded by class. A set (or “lane”) of such
stripes is displayed for each thread in a program. Lanes are arranged left-to-right.
(Only one lane appears in Fig. 6.)
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The length of each stripe (reflecting the time spent in each method), the number of
stripes (corresponding to the stack depth), and the colors (denoting classes) charac-
terize the behavior of each thread. We can also see the relative timing of events across
threads by comparing lanes.

Four distinct phases are visible in Fig. 6. Passing the mouse cursor over each
phase, the status line at the bottom of the view reveals the methods being invoked:

1. Loading the driver (Class.forName).
2. Making the connection to the database (DriverManager.getConnection).
3. Getting the primary key (sample02_SJProfileKeys.getKey).
4. Getting the results from the database.

Zooming into the final phase reveals a sequence of next and println method invoca-
tions, as shown in Fig. 7.

Fig. 7. Portion of final execution phase

Note that the println invocations (second stripe from left) are significantly taller
than the intervening next invocations. This suggests that retrieving results from the
database takes relatively little time. Substantially more time is spent printing them.

The Call Tree view can give us more precise numerical measurements. Fig. 8
shows that in the final phase of the program, 38% of the time is spent printing results,
and 26% is spent printing newlines. Only 32% goes to retrieving the results.
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Fig. 8. Call Tree view

This analysis leads to two conclusions:

1. Initialization takes a lot of time (loading the driver, making the connection, etc.).
It is beneficial therefore to pool database connections.

2. The retrieval times were much shorter than expected, thanks to being skewed by
print statements.

6   Information Exploration Techniques

A common problem when analyzing program behavior is that information of interest
is scattered, or mingled with unimportant information, making it hard to discern. The
problem can show up as skewed numerical summaries or as visual overload in graphi-
cal views. In any case, key information may be hidden without the right organization.

Fortunately, the user often has valuable knowledge that can help. Jinsight lets users
apply their knowledge to structure the information for visualization and measurement
purposes [2]. Jinsight’s capabilities in this vein are loosely inspired by techniques
commonly found in tools such as OLAP systems for exploring complex databases in
other application domains.

The user can select just a few items of interest (for example, certain unusual-
looking invocations of a method) and navigate to other views to study the detailed or
aggregate behavior of a particular activity. Users may also define their own analysis
units, known as execution slices, to group related activities together, or to exclude
activity that is outside the scope of study. Execution slices may be used in subsequent
visualizations, for example, as a basis for measurement against other summary units
such as threads, methods, individual invocations, and so forth There are many ways to
define execution slices, ranging from a simple point-and-click in a given view to a full
query capability based on static and dynamic attributes of trace data.
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7   Tracing

Jinsight’s visualizations are based on execution traces. To collect a trace, the user runs
the target program with either a specially instrumented Java virtual machine (for pre-
Java2 platforms) or with a profiling agent and a standard JVM (for Java2 platforms).
The generated trace contains the details of the program’s execution for a user-
specified period of time. Jinsight users have successfully diagnosed numerous prob-
lems on large commercial applications with this approach.

Nevertheless, we have also encountered situations where this approach fell short.
For example, when analyzing high-volume, Web-based applications in vivo, traces
were often too large to visualize feasibly, and the overhead of generating the traces
made the application deviate from its normal behavior. It was necessary to collect
trace information more selectively.

One approach summarizes activity using aggregate statistics: histograms of heap
consumption, tables of method invocation counts and average duration, and aggregate
call graphs. But we found that statistics do not reveal enough of a program’s dynamic
structure (such as the sequence and context of method invocations) to support analy-
ses for which Jinsight had already proven useful. Another approach is to filter
broadly, limiting the trace to invocations of a particular method or class. However,
broad filtering does not scale well, because the filtering criteria are not context-
sensitive. For example, we are likely to be interested not in every String instantiation
but only those driven by a particular type of transaction.

Jinsight supports task-oriented tracing, which can trace details of a program task
selectively. Task-orientation admits only relevant details while retaining important
contextual and sequencing information. Consider for example a high-volume transac-
tion processing system. While analyzing database activity associated with a certain
type of transaction, you can limit tracing to a few exemplary transactions and the
activity they caused.

8   Related Work

Many systems present program execution information graphically. The work of Zel-
ler, et al. [10, 11], is representative, focusing on the visualization of data structures
and memory. Although the Reference Pattern view presents much the same informa-
tion, Jinsight’s focus is on the combination of control flow and data.

Zeller, et al., also support generalized graph layout for data structure visualization,
within its inherent limitations. Others restrict their visualizations to standardized vis-
ual syntaxes. Mehner [12], for example, employs UML interaction diagrams to reveal
concurrency problems in Java programs. The main limitation of such approaches lies
in their scalability. UML and its competitors were designed in part to be easy for
humans to draw, an irrelevant and limiting constraint in the context of execution visu-
alization.

Still other visualization systems emphasize flexibility. BLOOM [8] has facilities
for static and dynamic data collection and a wide range of data analyses, plus a visual
query language for specifying the data to explore using a variety of 2D and 3D visu-
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alizations. Its scripting capabilities promote experimentation with new visualizations.
Stasko, et al. [9], offer similar flexibility for experimenting with visualizations.

Systems like these are well suited to experimentation. In practice, however, it is
more important to have a small number of visualizations optimized for particular
tasks. For example, Jinsight helps reveal memory leaks through a simple process
applied through a specialized visualization, the Reference Pattern view. Admittedly, it
is impractical to expect a predefined view for every conceivable problem. But it is
equally impractical to expect end-users to create effective views on their own, no
matter how flexible the visualization environment. The key to this quandary is to
foster synergies among predefined views, as Jinsight’s navigation and slicing tech-
niques afford. A small number of visualizations may thus address a combinatorial
number of problems.

All this is predicated on visual abstractions that can deal with the glut of execution
information. Various organizing abstractions have been used to filter execution in-
formation or group it into larger units. Sefika, et al. [13], use large architectural units,
and Walker, et al. [14], introduce additional structural units as organizing principles.
Dynamic relationships too are frequently used to organize information, for example,
into call trees as in OptimizeIt [15]. Several systems also use queries of execution
information to let the user filter out extraneous information and focus on an aspect of
interest. The Desert system [16] provides a powerful query capability against static
and dynamic information for various types of program understanding applications, as
Hy+/GraphLog [17] does for analyzing distributed and parallel programs. Snod-
grass [18] allows queries to be used for analyzing operating system behavior, and
Lencenvicius [19] uses queries to debug live programs.

Our approach differs significantly from pure query-based systems. While powerful,
those systems depend on their user to be sophisticated enough to set up meaningful
visualizations and summary computations. By providing a query capability in the
context of higher-level, domain-specific analysis units, Jinsight can introduce task-
oriented specification, visualization, and summarization techniques that hide query
language complexity from the user. Execution slicing coupled with view navigation
offers proven scalability as well, having been employed successfully on production
systems comprising over 5000 classes.

9   Future Work

Jinsight currently assumes the visualized application runs on a single JVM. Yet large
production systems typically employ multiple JVMs, often across a network. Tracing
and visualizing distributed Java programs presents new challenges: events have to be
collected from different machines, timestamps might not be uniform, the system may
have partial failures and concurrency problems, and many more. We are currently
building a distributed version of Jinsight that will permit visualization across JVMs.

Real distributed systems are also heterogeneous, with middleware such as data-
bases, HTTP servers, and message queuing systems in addition to Java components.
We plan to extend our visualization environment to collect trace information from
these non-Java sources. Our intent is to provide integrated visualizations for end-to-
end transaction processing.
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Creating Jinsight in an industrial research setting has given us the freedom to ex-
plore while having access to real customers who can put our prototypes through their
paces. Indeed, fieldwork has driven our research. It reveals the problems developers
are struggling with, and it helps us identify future problems and opportunities. Early
customer trials are also invaluable for validating features. Some features may prove
inadequate or irrelevant, while those crucial to solving certain problems prove lack-
ing.

We exploit these characteristics through a three-stage development cycle lasting up
to twelve months. First we exercise each new prototype ourselves on a difficult cus-
tomer case, tweaking the prototype as needed. Then we release the prototype on the
IBM Intranet for our colleagues’ use, carefully noting their feedback. Finally, we
release a version for general consumption on www.alphaWorks.ibm.com. Underused
features, however intriguing, tend to be weeded out through this process, thus avoid-
ing feature creep and ensuring the remainder has proven worth.

10   Conclusion

Jinsight offers unique capabilities for managing the information overload typical of
performance analysis. Through a combination of visualization, pattern extraction,
interactive navigation, database techniques, and task-oriented tracing, vast amounts of
execution information may be analyzed intensively, making it easier to understand,
debug, and tune programs of realistic size and running time.
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Abstract.

Debugging concurrent Java programs is a difficult task because of multiple control
flows and inherent nondeterminism. It requires techniques not provided by traditional
debuggers such as tracing, visualization, and automated error analysis. Therefore,
we have developed the JaVis environment for visualizing and debugging concurrent
Java programs. The information about a running program is collected by tracing.
The Unified Modeling Language (UML) is used for the visualization of traces. Traces
are automatically analyzed for deadlocks. The tracing is implemented using the Java
Debug Interface (JDI) of the Java Platform Debugger Architecture. The visualization
is integrated into the UML CASE tool Together.

Keywords: object-oriented concurrent programming, tracing, dynamic program vi-
sualization, deadlock detection, Java, UML

1 Introduction

The object-oriented programming language Java is increasingly gaining impor-
tance in academia and industry mainly due to its platform independence and its
role in internet computing. A specific characteristic of Java is the incorporation
of concurrency into the language itself instead of supporting it with libraries [2].
Java thereby provides easy access to concurrency.

Nevertheless, concurrency is still a key factor for increasing the complexity of
programs due to its multiple flows of control, also called threads, and its inherent
nondeterminism. This makes the entire software development life cycle more
difficult than in sequential object oriented programming. Companies who provide
concurrent programming libraries have observed that their customers make many
errors in using the libraries and have difficulties in finding their errors because
there is no adequate tool support for debugging concurrent systems [3]. Existing
debuggers especially lack support for errors specific to concurrent programs.
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Typical concurrency errors involve more than one control flow and develop
over a certain time while the program is running. A promising approach for
debugging is tracing, i.e., making a protocol of the interesting events of a running
program, because it captures the behavior over time. There is also a lack of using
graphical means for debugging. The advantage of a graphical visualization is that
it can depict complex dependencies within more than one dimension. To deal
with the manifold information collected at runtime automated support to detect
errors is required.

As this kind of support is also missing for Java we have developed the Ja-
Vis environment for visualizing and debugging concurrent Java programs. This
environment covers tracing and visualization of sequential and concurrent Java
programs. In addition, deadlocks are automatically detected and analyzed. The
tracing uses the Java Debug Interface (JDI), an interface of the Java Virtual Ma-
chine (JVM) which is defined in the Java Platform Debugger Architecture [5].
The JDI allows to trace remote and already running programs. Using the JDI
does not require to modify the source code, i.e., the tracing is non-invasive. The
visualization is generated post-mortem, i.e., after the tracing is finished. The vi-
sualization is based on UML sequence and collaboration diagrams [9] which have
been extended to model thread synchronization and deadlocks. The visualization
is integrated into the standard UML CASE Tool Together [12].

This chapter is organized as follows. In Section 2 we discuss the requirements
for debugging of concurrent programs in more detail. In Section 3 we introduce
the JaVis environment from a user perspective. We describe the implementation
of JaVis in Section 4. In Section 5 we discuss related work. We conclude and
give an outlook in Section 6.

2 Motivation

Errors specific to concurrent programs are safety and liveness errors [7] such
as deadlock or dormancy. These errors are difficult to detect because they do
not occur in every program execution due to the inherent nondeterminism. In
general, they can not be found by source code analysis with formal methods
as this problem is NP-hard for arbitrary programs [6]. Therefore, in practice
extensive testing is carried out to find concurrency errors in the running program.

At runtime these errors are characterized according to at least two dimen-
sions. One dimension contains the different threads involved in the error, their
interactions, and dependencies. The other dimension is the behavior over time
because these errors typically involve more than one statement in each thread
involved. This second dimension is also referred to as the execution history.

The detection of errors and localization of their reasons is usually done with
the programmers’ intuition. Programmers start by looking for typical patterns of
behavior in the execution and then continue by looking for patterns in the code
which can generate the execution patterns. These activities can be supported by
the way in which information about the execution is represented, and they can
be automated to a certain extent. The support provided by existing debuggers
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for concurrency errors has shortcomings. Traditional debuggers support stepping
between program states and allow to inspect a program state in detail based on
a textual representation. The execution history is only given implicitly by the
sequence of program states. Single states or the entire sequence can not be saved.
This makes it difficult to inspect behavior over time for different threads.

Tracing however, can capture the behavior over time, and thus, the develop-
ment of an error over time. The trace format is usually textual for reasons of
efficiency. The Java Dynamic Analyzer JaDA [1] generates textual traces for con-
current Java programs tracing method calls and thread synchronization. There
are several approaches to generate traces: using frameworks, instrumenting the
source code or the runtime environment, or other means of interacting with the
runtime environment. Instrumentation at source level means that code is added
to generate the trace. This can slow down threads and change the way they
interact. Instrumentation or modifications for using a framework requires access
to the source code, recompilation, and restart of the program. Companies often
object to change the source code in order to generate traces. Source code is not
always accessible, e.g., when tracing a vendor supplied binary component or an
already running program. An embedded system or a server may be impossible
or too costly to shut down. This is also the disadvantage of JaDA which requires
to use framework classes to trace threads. Therefore, a non-invasive approach
for tracing Java is needed.

Tracing is also used during testing because for testing a concurrent program
not only the results of a test run have to be saved but also the execution history.
Debugging starts from traces with errors. Therefore, debugging tools either have
to integrate testing facilities or provide an import interface for traces. Debugging
also requires to handle a large number of traces and the possibility to compare
them. Therefore, post-mortem visualization is needed.

Textual traces have problems to show the dependencies between threads.
Text is a linear structure and can not depict dependencies according to more
than one dimension explicitly. A graphical visualization can depict execution
history and complex dependencies according to at least two dimensions simulta-
neously. It is not advisable to develop new visualizations for traces from scratch.
Instead, we aim at a better integration of visualization into the software develop-
ment life cycle from the language perspective. The standard for visual modeling
of object-oriented systems is the Unified Modeling Language(UML) [9], a set
of languages for describing structure and behavior of software systems at diffe-
rent levels of abstraction. UML provides extension mechanisms for adaption to
specific problem domains.

Also visualizations have to be manually analyzed for errors. Therefore, au-
tomated error detection and analysis is required. The result of the automated
analysis can also be presented by a visualization. It is important for visualizing
traces and for visualizing analysis results that the representation can be mapped
back to the source code.

To summarize, we have identified the following requirements for tool support
for debugging concurrent programs: independent non-invasive tracing, import of
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traces, post-mortem visualization of traces, UML-based the visualization, and
analysis of concurrency errors. These requirements are supported by the JaVis
environment.

3 The JaVis Environment

In this section we present the JaVis environment from the user perspective. The
typical scenario of tracing a program and detecting a deadlock is illustrated. All
UML diagrams shown have been generated with the UML CASE Tool Together.

3.1 The Running Example

The example is a banking simulation with six classes (see Figure 1). Employees
of a bank use a terminal to start concurrent transactions such as a transfer
between accounts. Concurrency in Java is based on class Thread [2,7]. From a
thread object a single flow of control originates. Threads of the same program
can share other objects. In order to avoid inconsistencies the access on these
objects must be synchronized.

Fig. 1. UML class diagram

In the example, class Employee and AccountingTransaction inherit from the
Java class Thread. Apart from these, class Main also has its own thread. All
other classes are ordinary Java classes. In the following we will only focus on the
classes AccountingTransaction and Account.

Class Account contains the balance of the account in value and the number
in nr, initialized by the constructor. Method withdraw() withdraws money from
the account and transfer() transfers money from another account to this account.
Objects of class Account are used by threads and therefor have to be mutually
exclusive. The key word synchronized is used for a method or a block within a
method which needs exclusive access to the object on which it is called. Only
non-synchronized methods or blocks can execute on the same object while a
synchronized method or block is executed. To be able to enter a synchronized
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method or block a thread needs to obtain a lock on the object. If multiple
threads are trying to obtain such a lock only one thread is assigned the lock. All
other threads are blocked waiting for the lock. If a thread leaves a synchronized
method or block, it releases the lock. By nondeterministic choice one of the
blocked threads will receive the lock and can access the object. In the example,
all methods of class Account are synchronized methods.

public class Account {
private long value;
private int nr;

Account(int n, long v) {
nr = n;
value = v;

}
public synchronized int getNumber() {

return nr;
}
public synchronized long getValue() {

return value;
}
public synchronized void setValue(long v) {

value = v;
}
public synchronized void withdraw(long amount) {

value-=amount;
}
public synchronized void transfer(Account other, long amount) {

other.withdraw(amount);
value+=amount;

}
}

A thread of class AccountingTransaction makes one transfer between two
objects of class Account. When it is created the target and source account and
the amount to be transferred are specified. A thread object is started by calling
start() which internally calls the method run(). The run() method calls transfer()
on the first account which subsequently calls withdraw() on the second account.
When run() is completed the thread object is deleted.

public class AccountingTransaction extends Thread {
Account a1;
Account a2;
int amount;

AccountingTransaction(Account a, Account b, int am) {
a1 = a;
a2 = b;
amount = am;

}
public void run() {

sleep(10000);
a1.transfer(a2,amount);

)
}

We illustrate the behavior of run() with a sequence diagram (see Figure 2)
generated by Together. Together can generate sequence diagrams from code for
a single method but only for a sequential execution, i.e., the concurrent behavior
of methods can not be illustrated.
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Fig. 2. Sequence diagram for method run() generated by Together

In the example, several threads of class AccountingTransaction transfer money
between the same two accounts but in different directions. This scenario has the
potential for a deadlock.

3.2 Tracing and Deadlock Detection

To test our example for deadlocks we run it with the JaVis Tracer from its
beginning until a deadlock is detected. A small part of the textual trace is shown
to demonstrate that it is difficult to read. In the JaVis Environment the user is
not supposed to read the trace.

Each line of the trace contains a method entry, a method exit, or an attempt
to enter a synchronized method where the object is already locked. The latter
is called “Acquire” and needed for deadlock detection. The entries of each line
are separated by “:”. The first entry is the thread, identified by its class and its
object ID. The second entry is the class and the ID of the object on which the
method is called. In case of a method exit the callee is not identified which is
denoted by a “-1”. The next entry is the name of the method called. The following
entry is “true” for a synchronized method and “false” otherwise. The last entry
distinguishes method entry, exit or acquire. The host and the identification of
the JVM which are also given for each thread are omitted here.

Employee@ID#90:Terminal@ID#-1:handOverCheque:false:Exit
AccountingTransaction@ID#97:AccountingTransaction@ID#97:run():false:Enter
AccountingTransaction@ID#97:Account@ID#79:transfer:true:Acquire
AccountingTransaction@ID#108:Account@ID#80:transfer:true:Acquire
AccountingTransaction@ID#108:Account@ID#80:transfer(Account(id=79), long 34):true:Enter
AccountingTransaction@ID#97:Account@ID#80:withdraw:true:Acquire
AccountingTransaction@ID#111:AccountingTransaction@ID#111:run():false:Enter
AccountingTransaction@ID#111:Account@ID#80:transfer:true:Acquire
AccountingTransaction@ID#108:Account@ID#79:withdraw:true:Acquire

After the last line displayed here a deadlock is detected and the program
is halted. The thread with ID 97 of class AccountingTransaction acquires a lock
which is locked by the thread with the ID 108. However, the thread with ID 108
acquires a lock for ID 79 which is locked by the thread with ID 97.
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3.3 Trace Visualization

For the visualization of traces we chose UML [9] because it is well suited for
visualizing program traces with interaction diagrams. These diagrams describe
interaction, e.g., method calls, between objects over time on an instance level
for multiple flows of control. While sequence diagrams have an explicit time
axis collaboration diagrams render additional information about structural rela-
tionships and other dependencies. Apart from this, sequence and collaboration
diagrams are equivalent. The timing order is presented by a hierarchical num-
bering of the messages. Here, it is preceded by a different number for each flow
of control.

Fig. 3. Sequence diagram generated from trace

The first visualization generated from the trace is a sequence diagram of
the entire execution (see Figure 3). The left column presents an overview. The
very small black square is the selection displayed on the right side which shows
the initialization phase with many constructors, displayed by init. Objects in a
sequence or collaboration diagram have an identifier and a class. The identifier is
generated from the trace by combining the host, the JVM and the internal object
ID of the JVM. The class is given by the full path of the Java package. This
sequence diagram contains somewhere the deadlock which is manually difficult
to find. The diagram serves the purpose of an overview of the program execution
over time. The equivalent collaboration diagram can be generated by Together
but is too big to be useful.
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3.4 Deadlock Visualization

The next step is to focus on the deadlock detected. The deadlock is visualized
in an extra view with a sequence and a collaboration diagram showing only the
objects directly involved in the deadlock.

In a deadlock at least two threads are blocked. Each thread locks an object
and acquires the lock for the object already locked by the other thread. This
situation can not be resolved by the threads involved. In Java deadlocks can
occur when synchronized is used.

Fig. 4. Deadlock in sequence diagram

At first, we look at the sequence diagram for the deadlock (see Figure 4).
When a synchronized method is called, first, the lock has to be obtained, and,
after access is granted, the method body can be executed. These two steps are
visualized. The AccountingTransaction with ID 97 calls transfer() on the Account
with ID 79. The acquiring of the lock is visualized by the message 1.1:synchroni-
zed transfer() without parameters with an immediate return. Only when the lock
is obtained the message 1.1:synchronized transfer() now with the actual parame-
ters is drawn. If no second message with parameters is drawn the call is blocked.
(This visualization was chosen because Together does not support shading of
activation bars which would have been more intuitive to distinguish between the
two steps of the message call.) When 1.2.1: synchronized withdraw() is called, this
object is already locked by the other thread and so the thread is blocked an no
second method call will be shown. A similar thing happens to thread Accoun-
tingTransaction with ID 108. The analysis of the deadlock is given in a rectangle
containing a textual description of the deadlock, called a UML note. However,
this diagram can not visualize the dependencies described in the analysis.

Now we focus on the corresponding collaboration diagram for the deadlock
(see Figure 5). To show the dependencies involved in the blocking of threads the
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collaboration diagrams have to be extended to describe the operational meaning
of synchronized: either the lock on an object is assigned or the thread is blocked
waiting for the lock. In order to be able to describe Java locking relations at
runtime we will use the UML extension mechanism of stereotypes to derive a
new kind of modeling element. The stereotype name is rendered in guillemets
and may have an associated graphical representation which can be used instead
of the stereotype name.

Fig. 5. Deadlock in collaboration diagram

We use stereotypes to define new kinds of dependencies between objects.
When a synchronized method is called either the thread gets the lock or it is
blocked, visualized by dependencies labeled “lock” and “acquire”. When object
97:AccountingTransaction calls 1.2 synchronized transfer(), it locks it, which is
visualized by the arrow from 97:AccountingTransaction to 79:Account labeled
with ”lock”. When 1.2.1:synchronized withdraw() is called, this object is already
locked by the other thread and so the thread is blocked, which is visualized by
the arrow from 97:AccountingTransaction to 80:Account labeled ”acquire”. Using
those arrows we can easily understand the deadlock by its cyclic dependencies.
(In the tool those edges are red and green). We have introduced these extensions
in [8].

4 Implementation of the JaVis Environment

The JaVis environment consists of two parts: a tracing component which allows
to generate traces from a running Java program and to detect deadlocks, and a
visualization component which generates several UML diagrams from the traces.
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4.1 Tracing

The Java Platform Debugger Architecture (JDK Version 1.3) [5] provides the
Java Debug Interface (JDI) implemented by each Java Virtual Machine (JVM).
The JDI allows to collect debugging and tracing information from a running
Java program without modifying the source code.

There are several possibilities to establish a connection between a tracing
program, in the context of the Java Platform Debugger Architecture also called
debugger, and the examined program, also called debuggee. The debugger can
start the debuggee, either on the same or on a different JVM. The debugger can
also be attached to an already running debuggee, either on the same or on a dif-
ferent JVM. These two options are used in our tracing component, implemented
in Java based on the JDI. To collect runtime information the JDI offers methods
to select events of interest and to provide callbacks which are executed when
selected events occur. With the callbacks runtime information is delivered to the
debugger. For our purpose we use the events for method entry and method exit.
With these events information about the calling thread, the object called, and
the parameters passed are delivered to the debugger. For each event it can also
be decided to suspend the debuggee to get detailed information on the program
state, e.g., the stack. We are also interested in the case when a thread is blocked
on a synchronized method call. This is not an event in the JDI. Therefore, we use
the suspension mechanism to find out which threads are blocked and in which
method call they are blocked. However, this information is difficult to determine
and only available on the Solaris JVM. From the information about method
entry, method exit, and blocked method calls we generate a trace. The trace
format was already described in Section 3.

At the moment, the deadlock detection is integrated in the tracing. The ad-
vantage is that a user not interested in the visualization can profit from the
automated error detection. In future, it will also be available in the visualization
component. For the deadlock detection during tracing we construct a graph de-
scribing the locking relations. When a thread acquires the lock for a synchronized
object we insert the thread and the object as nodes and between them an ac-
quire-edge. When a thread enters an synchronized object we insert an lock -edge
and delete the acquire-edge if it existed. When a thread releases the lock for an
object we delete the lock-edge. Whenever a thread attempts to enter an object
already locked by another thread, we start a search for a cyclic dependency from
the corresponding edge in the graph.

4.2 Visualization

We use the UML Case Tool Together [12] (Versions 4.01 and 5.5) to display the
UML diagrams and their extensions. The support for concurrent visualizations
is very little. Together can generate sequential sequence diagrams from the code
of a Java method but not concurrent diagrams. The key word synchronized is
not displayed and the notation for active objects which is useful for threads is
not supported.
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The Together Open API, a Java interface, allows to construct UML diagrams
by instantiating classes for nodes and edges. Our visualization component first
has to parse the trace. In the trace only the callee but not the caller is given for
each event. For method exit not even the callee is given. However, this informa-
tion is implicit in the trace. During parsing a runtime stack for each thread is
simulated to determine caller and callee. Then the UML diagrams are generated
via the Open API. One sequence diagram is generated for the entire trace. For
each deadlock detected a sequence and a collaboration diagram are generated
which contain only the objects and threads directly involved in the deadlock.
The stereotypes ”acquire” and ”lock” have been visualized as pure text added
to the message calls but not formally as new stereotypes.

We have implemented also a step by step display of the traces which can
be navigated forwards and backwards, including jumping to selected state-
ments. Temporary synchronization dependencies are displayed using ”acquire”
and ”lock”.

5 Related Work
Compaq Visual Threads [3] provides analysis of concurrency errors at runtime
for POSIX threads, also called Pthreads, an IEEE standard supported by a
library. Pthreads are not object-oriented, but Visual Threads can be used also
from object-oriented languages including Java. The main goal is to assist thread
programmers in detecting typical concurrency errors at runtime. Implemented
are deadlock analysis, analysis for potential deadlocks based on monitoring the
order of allocated resources, and many more including customizable analysis.
Albeit its strength in the analysis the visualization of the results is only textual
similar to the UML notes we were using.

Fig. 6. Mutex View describing locking relations

The MutexView (see Figure 6) from the GThreads environment [13] visualizes
the relation between threads and mutual exclusion locks. A big disk symbolizes
a lock. The small disks symbolize the threads, distinguished by color. A thread
having a lock is positioned inside the disk for the lock. Threads waiting for
the lock are outside the disk for a lock. This view is animated but does not
provide analysis of deadlocks. This view can show the access dependency graph
only implicit by the positions of the disks. Therefore a deadlock is not really
obvious. Another disadvantage of this visualization is the fact that the messages
or calls which trigger the changes are not shown. This makes it difficult to relate
a deadlock situation back to the code.



174 K. Mehner

Jinsight [4,11] is a tool for tracing and visualizing Java programs based on
the JDI. Concurrent Java programs are supported but not the analysis of con-
currency errors. Jinsight uses diagrams similar to UML sequence diagrams which
are also based on the object-oriented paradigm of sending messages between ob-
jects. In addition, information about the time consumed in different threads is
given. The visualization can be used to manually look for errors.

A tool which uses UML is JAVAVIS [10]. It uses sequence diagrams and also
object diagrams and includes threads. However, it can not display synchroniza-
tion dependencies. The visualization is the interface for interactively executing
the program step by step which works only for small programs. It is a tool for
education and does not scale for real programs. Moreover, it does not provide
filters or automated analysis for errors.

6 Conclusion and Outlook

In this chapter we have motivated the need for debugging support for object-
oriented concurrent programs, especially for Java. We have presented the JaVis
environment for visualizing and debugging concurrent Java programs based on
UML.

Our main focus was to develop a deadlock detection and analysis based on
tracing. Therefore, a trace format had to be defined which contains information
about blocked threads. Then a technique had to be found which can detect these
situation at runtime and can generate a corresponding trace. This was possible
using the Java Debug Interface. It is a powerful means to collect information
from the execution of Java programs. Even though the JDI does not directly
support tracing of synchronization events, in all other respects it was easy to
use. We hope that it will provide more features for concurrent debugging in
future.

The other goal was to find a visualization based on a software engineering
standard. Therefore, UML was used and extended. The general known problem
that a language like UML does not scale well with a huge amount of information
was not a concern for our purpose because we were applying means to reduce
the amount of information by focussing on errors.

For the display of UML we also decided to chose a standard tool. Together
provides already display facilities for UML diagrams but is limited in extension
and presentation capabilities. This did hamper us a lot in implementing our vi-
sualization goals. Already the support for standard UML was a problem. Neither
active objects where supported nor shading nor concurrent hierarchical numbe-
ring of messages. It was not possible to implement stereotypes in a reasonable
manner. Therefore, we had to make many concessions. Doing it again, we would
probably build our own visualization. However, we think that with little impro-
vements the Together visualization can be used for empirical evaluation of the
visual part of the JaVis environment.

Experiments with real systems have shown that the two JaVis components
run very stable and scale to huge amount of data, also over the network. Especi-
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ally the feature of tracing running remote systems was very helpful for selecting
interesting parts of an application to make a trace.

This is work in progress. We want to address other liveness errors and safety
errors. The idea is to widen the approach to address dynamic program compre-
hension of concurrent programs in general by providing more filters and views.
With more functionality we are able to address evaluation. We want to compare
our tool, a standard debugger, and programmer inserted printline statements be-
cause they are similar to tracing. First observations with students indicate that
standard tracing is easier to interpret than manually inserted tracing output,
especially for a peer programmer.

Acknowledgements. The author likes to thank Annika Wagner for support
in the early stages of the project, Bernd Weymann for his major contribution
to the implementation during his diploma thesis, and the unknown referees for
their valuable comments.
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Abstract.

The goal of the JAVAVIS system is to help students understand what is happening in a Java
program during execution. The primary focus of the first release is on sequential Java
programs, although there is some support for visualizing concurrent threads. The system uses
the Java Debug Interface (JDI), so there are no modifications needed in the Java source code
for the extraction of information. The system shows the dynamic behavior of a running
program by displaying several object diagrams and a single sequence diagram. There is one
object diagram for each active method on the call stack. All modifications in the diagrams are
done by smooth transitions.

1   Introduction

Education in Computer Science usually starts with an object-oriented programming
language, and today this is typically Java. To our experience, however, programming
novices have a hard time in learning, understanding, and mastering the different
programming concepts, especially the object-oriented ones like class, object, method,
and attribute.

In this paper we present a system called JAVAVIS that was developed as a tool to
support teaching object-oriented programming concepts with Java, especially for the
courses for beginners. The system can be used in the classroom by the teacher as well
as by the students at home.

The tool monitors a running Java program and visualizes its behavior with two
types of UML (Unified Modeling Language, [2]) diagrams which are de-facto
standards for describing the dynamic aspects of a program, namely object and
sequence diagrams. The users are able to step through the program line by line or
method call by method call and watch the changes in the diagrams. All changes are
done by smooth transitions. Otherwise it would be hard for the students to follow
them.
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In this paper we first describe JAVAVIS from a user’s point of view in Section 2.
The JAVAVIS system is based on two class libraries which are described in Section
3: First we give an overview of the Java Debug Interface (JDI) which is used by
JAVAVIS for controlling a running Java program and for extracting information like
e.g. the values of the local variables of a method. Second we present the Vivaldi
Kernel, a Java class library for programming 2D animations with smooth transitions.
Section 4 covers related work and Section 5 finally summarizes the paper and gives
an outlook for further work.

2   JAVAVIS from a User’s Perspective

In this section we show the execution and visualization of a simple program which
adds several items to a singly-linked list and finally prints the list. The list items
contain integer values.

2.1   Sample Program

The Java code of our sample program is as follows:

class ListItem
{

int value;
ListItem next;

}

public class List
{
   private ListItem first, last;

   public void append(int i)
   {
      if(first == null)
      {
         first = new ListItem();
         first.value = i;
         last = first;
      }
      else
      {
         last.next = new ListItem();
         last.next.value = i;
         last = last.next;
      }
   }

   public void print()
   {
      ListItem item = first;
      while(item != null)
      {
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         System.out.print(item.value + " ");
         item = item.next;
      }
      System.out.println();
   }

     public static void main(String[] args)
   {
      List l = new List();
      for(int i = 0; i < args.length; i++)
      {
         int value = Integer.parseInt(args[i]);
         l.append(value);
      }
      l.print();
   }
}

The sample program consists of a class ListItem that has only two attributes, an
integer value and a reference to the next item in the list. These attributes have package
visibility and are thus accessible by methods of the following class List. Because we
did not define explicitly any constructors, there is the standard constructor with no
arguments for the class ListItem.

The class List has attributes which reference the first and last item of the singly-
linked list of integer values. This class has also no explicitly defined constructor. So
there exists a default constructor with no arguments for the List class as well. In
addition, there are methods for appending a new list item at the end of the list and for
printing the whole list in a single line. The append method distinguishes the two cases
that the list is still empty (first == null) or not. The main method transforms each
command line argument string into an integer and appends the value to the list which
has been created before. Finally, the whole list is printed.

2.2   Executing and Visualizing the Sample Program

First, the program must be compiled with the option "–g" which means that
debugging information is included in the class files.

The visualization of a Java program can then be started in the same way as the
execution of any Java program, except that we use the command javavis instead of
java. So our sample list program may be started like this:

javavis List 11 22 33 44

After the start of the program four new windows appear on the screen, as shown in
Fig. 1.
� The first window on the top left is for controlling the execution of the program. It

contains menus and buttons in a toolbar for starting, stopping and restarting a
program with possibly different command line arguments. In addition, there are
commands for executing the next step of the running program. A next step may
be a "step into a method", a "step over a method", a "step out of the currently
executed method", and so on. There are also menus for setting the speed of the
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animations running in the object and sequence diagram windows, and for
selecting the classes to be visualized.

� The window below the menu and toolbar window contains the object diagrams.
We have an object diagram for each active method on the call stacks of the
threads. At the bottom of the window the tabs show all currently existing object
diagrams for a single thread. This means that the tabs mirror the call stack of this
thread. At the top of this window there are tabs for selecting a thread. So if a tab
is selected at the top, the tabs at the bottom will change. In Fig. 1 we see the
situation after having entered the main method of the program. Therefore, there is
only one thread, and the call stack of this thread contains only one method, the
main method. Each object diagram shows all primitive data and all objects that
are available at the moment. The diagram is divided into three parts: the this-
object, the arguments of the method, and finally the local variables. In Fig. 1
there is no this-object because the main method is static. There is a single
argument of the main method called args which is an array of strings that
contains the command line arguments. We do not have any local variable.

Fig. 1. The four windows of JAVAVIS after having entered the main method

� The bottom left window is for the standard input and output of the running
program. A text field is used for input, and a text area for output.

� The window on the right contains the sequence diagram. In contrast to the object
diagram window which may contain many object diagrams, there is only a single
sequence diagram in this window. In Fig. 1 we see the activity of the main
method. The column of the main method is marked by a person symbol.
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After each program step there is an update of the sequence and object diagrams. All
these modifications are done by smooth transitions. Unfortunately, the static nature of
a paper makes it impossible to portray adequately the dynamics of the JAVAVIS
system. After the execution of two iterations of the for-loop in the main method, e.g.,
the sequence diagram has changed; it looks as shown in Fig. 2.

Fig. 2. Sequence diagram after execution of two iterations of the for-loop in the main method

We can clearly see in Fig. 2 that first a List object was created (arrow with <init>
label) and the List constructor was executed (the default constructor). To this newly
created List object the append method was applied. During the execution of the
append method a new ListItem object was created and the ListItem constructor was
called. The append method then was called a second time creating another ListItem
object. The sequence diagram does not contain the calls of Integer.parseInt. This is
because the system classes in packages like java.lang, java.util etc. are filtered out.

We now turn our attention to the object diagrams. If we start with the situation
shown in Fig. 1 and execute the first step (i.e. the program enters the constructor of
class List), the object diagram window is modified as shown in Fig. 3.

On the bottom of the window we recognize - by looking at the tabs - that a new
object diagram has been pushed onto the previously existing diagram. The tab is
labeled <init> which stands for the constructor. The object diagram represents the
available data and objects of a method. In Fig. 3 we see the this-reference which
points to the newly created list object to which the default constructor is applied. The
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graphical representation of the List object contains the attributes first and last which
are both null.

Fig. 3. Object diagram window after having entered the List constructor

Fig. 4. Object diagram window after having assigned a reference of the newly created List
object to the local variable l
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After executing two more steps, namely returning from the constructor and assigning
the reference of the new list object to the local variable l, the diagram object window
looks as depicted in Fig. 4. It can be seen that the top level object diagram from Fig. 3
has disappeared, and that the object diagram for the main method now contains the
local variable l and the newly created list object referenced by l.

On each execution of a program step, the sequence and object diagrams change
accordingly. Fig. 5 presents a last object diagram snapshot for the execution of our
sample program. The snapshot was taken between the call of Integer.parseInt and the
call of the append method during the third iteration of the for-loop in the main
method. The List object which is referenced by the local variable l now contains two
ListItem objects with values 11 and 22. The local variable i holds the value 2, and the
local variable value contains the parsed value of args[2], the third command line
argument. In this moment the sequence diagram is as shown in Fig. 2. Execution of
the next step, i.e. calling the append method, will push a new object diagram labeled
append onto the object diagram stack. The this-reference will point to the same list as
the local variable l in Fig. 5. The integer method argument i will have the value of 33.
By further executing the program line by line, the students can follow all the steps
taken for appending a new ListItem object containing 33 to the end of the list.

Fig. 5. Object diagram window during execution of the third iteration of the for-loop in the
main method

2.3   Visualization of Concurrently Running Threads

Although the primary focus of the first release of JAVAVIS is on sequential Java
programs, there is some support for visualizing concurrently running threads. As has
been described already in Section 2.2, a stack of object diagrams is visible for each
running thread, not only for the main thread. In addition, JAVAVIS is able to show
the activity of more than one thread by coloring the activity boxes and the arrows in
the sequence diagram differently for different threads. As a consequence, the
concurrent usage of an object by several threads is visible in the sequence diagram.
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In Fig. 6 an example for the visualization of the concurrent activity of two threads
is presented. The main thread first creates a semaphore object. The class Other is a
subclass of Thread with its own run method. After the main thread has created an
object of type Other and started the thread, we can see an activity in the Other object.
The execution of the run method applied to the Other object is drawn in a different
(darker) color, because it is executed by a thread other than the main thread. The
sequence diagram shows the classical synchronization of threads using a semaphore.
The newly created thread calls the method p and is blocked. The main thread later
calls v on the same semaphore, thus waking up the blocked thread. After the main
thread has exited the v method, the other thread continues and exits the p method. The
concurrent activity on the semaphore object by the two threads is easy to recognize.

Fig. 6. Sequence diagram showing concurrently executing threads

The sequence diagram does not show blocked states of threads or locked states of
objects. So, it is not possible to see that the semaphore object is locked on calling the
synchronized p method, that this lock is released during the blocked state of a thread,
that the semaphore object is locked again during the execution of the v method, and
that the lock is reacquired before the blocked thread continues executing the p
method. We are planning these kinds of visualization in further releases of JAVAVIS.
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3   JAVAVIS from an Implementer’s Perspective

JAVAVIS is based on two subsystems: the Java Debug Interface (JDI) for controlling
and observing a running program, and the Vivaldi Kernel for representing the
gathered information and building the animations with smooth transitions. In this
section we first describe the overall architecture of JAVAVIS, and then we give a
brief overview of both used subsystems.

3.1   Architecture of JAVAVIS

The overall architecture of the JAVAVIS is shown in Fig. 7.

GUI Control

GUI View based
on Vivaldi Kernel

Model

JDI

connect, suspend,
resume, request

io handler
(thread)

event handler
(thread)

observed
JVM

JDWP

Fig. 7. Architecture of JAVAVIS

The system design follows the MVC (model – view – control) design pattern: there is
a control component which contains the code for all the listeners that are called by the
Java Swing components on user interaction (selection of a menu entry, clicking a
button). The model component contains all data with the corresponding set and get
methods. A change of the model data triggers an update of the view. The view is
based on the Vivaldi Kernel class library for building animations with smooth
transitions. The model component uses the JDI interface for sending commands to the
observed program. Because reading standard output and removing events from the
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event queue are blocking operations, these activities are executed in separate threads.
These threads inform the model component after an event has happened.

3.2   The Java Debug Interface

The Java Debug Interface is part of the Java Platform Debugger Architecture (JPDA).
JDPA comprises three components (see Fig. 8):
� Java Virtual Machine Debug Interface (JVMDI): JVMDI is a native interface that

each Java Virtual Machine (JVM) has to provide in order to be debugged.
� Java Debug Wire Protocol (JDWP): JDWP is a protocol for using the JVMDI

from remote computers.
� Java Debug Interface (JDI): JDI is an interface implementation written in Java

that accesses the JVMDI via JDWP. JDWP may be used over shared memory or
over a TCP connection. The transport mechanism used by JDI can be chosen.

VM 

back end (native) 

front end 

user interface 

debuggee 

communications 
channel 

JVMDI - Java VM Debug Interface 
(native) 

JDWP - Java Debug Wire Protocol 

JDI - Java Debug Interface 

Debugger Interfaces Components 

debugger 

Fig. 8. The Java Platform Debugger Architecture (JPDA)

In the following we will call the side where the JDI is used the debugger, and the
other side the debuggee. This means JAVAVIS plays the role of the debugger, and the
observed program (e.g., the List program in the previous section) the role of the
debuggee.

The connection between debugger and debuggee can be established in one of
three ways:
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� The debuggee is launched by the debugger using the JDI. The connection is
automatically established between these two. This is the mechanism that is used
by JAVAVIS.

� The debugger plays a client role and connects to an already running JVM.
� The debugger plays a server role and waits, until a JVM is opening a connection

to it. In that case a JVM has to be started with a special option telling it to open a
connection to a debugger.

The JDI allows to get an input and output stream. These streams can be used to read
the standard output and write to the standard input of the debuggee. Moreover, the
debugger can register its interest in certain events. When these events occur, the
debuggee puts an event description into an event queue. The debugger can remove
this event description from the event queue. It is blocked while the event queue is
empty. The debuggee may be suspended after having sent an event information into
the event queue. With additional commands, the debugger can resume the debuggee
until the next event happens. While the debuggee is suspended, all kinds of state
information can be read by the debugger.

3.3   The Vivaldi Kernel

The Vivaldi Kernel was developed within the project Vivaldi [8]. In this project we
built several visualizations and animations for subjects of computer science education,
e.g. synchronization and communication concepts like semaphores and message
queues, the transport protocol TCP, the RIP routing protocol, and more. The Vivaldi
Kernel forms the basis for all these visualizations. It consists of a class library for
building animations with smooth transitions.

These classes are mainly classes for graphic elements and classes for attribute
transitions.

Graphic Elements. All classes for the representation of graphic elements are sub-
classes of the class GraphicElement. These classes encapsulate the usual Java 2D
graphic elements, but in a more object-oriented way. A color, e.g., is an attribute of a
GraphicElement object, but in Java 2D a color is like a global variable that has to
be set before drawing an element. There are some classes that have no direct peers
within Java 2D, for example, the class PhaseImageElement. This class represents
a sequence of JPEG or GIF images. There is an integer attribute called phase that
specifies which image is displayed. Changing this attribute rapidly gives the
impression of a movie for a suitable sequence of images. The class GraphicEle-
mentGroup forms a group of graphic elements. Because GraphicElement-
Group is a subclass of GraphicElement, a group can contain other groups. So,
the graphic elements form a tree. The design follows the well known design pattern
"Composite" [6]. In Fig. 9 a part of the UML class diagram for the graphic element
classes is depicted.
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 GraphicElement 
Attributes: x, y, color 

LineElement 
Attributes: direction, 
length 

ArrowElement 

AreaElement: 
Attributes: width, 
height, fill 

OvalElement RectangleElement PolygonElement 

TextElement 
Attribute: text 

PhaseImageElement 
Attributes: images, 
phase 

GraphicElementGroup 

* 

Fig. 9. Part of the class diagram for the graphic elements of the Vivaldi Kernel

A graphic element can react to mouse events (mouse clicked, mouse moved, etc.).
According to the design pattern "Observer" [6] listener objects can be added to a
graphic element. If an event occurs, the graphic element calls all registered listeners.

Attribute Transitions. The smooth transitions of the Vivaldi Kernel are based on
rules for changing the attributes of the graphic elements. We call these rules attribute
transitions. An attribute transition refers to a single attribute of a single graphic
element. So in order to specify a movement of a graphic element, two attribute
transitions are needed, one for changing the x and one for changing the y attribute. An
attribute transition holds a reference to a graphic element and to a function which
maps time to an attribute value. There are different transition classes for the different
attributes of  the graphic elements. In Fig. 10 an example is given for these relations.
The upper part contains the tree of graphic elements. The lower part contains the
attribute transitions. Each transition holds a reference to a graphic element and a time
function. Transitions can also be grouped into transition groups. So the transitions
also form a tree.

Graphic Elements

Attribute Transitions

Time Functions

Fig. 10. An example for the relations between the tree of graphic elements, the tree of attribute
transitions and the time functions

From Fig.10 we can see the following:
� A transition can reference a primitive graphic element or a graphic element

group. It is thus easy to move a group of elements.
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� There may be more than one transition that references a graphic element. This is
useful if the transitions are of different types (i.e. modify different attributes of
the graphic element like the x and y attribute, e.g.).

� Only primitive attribute transitions hold references to graphic elements and time
functions. Attribute transition groups are only for grouping transitions (i.e.
transition groups do not reference graphic elements or time functions).

Other facts about attribute transitions are:
� Transitions can be dynamically added to the tree of transitions and removed. It is

thus possible to start and stop animations.
� Transitions can be finite or infinite. A  finite transition is automatically removed

from the tree of transitions after the transition has ended. This principle is
recursively applied. A transition group ends if all members have ended.

� The transition class contains a method called synch. The method allows to wait
for the end of a transition. If applied to a transition group, the calling thread is
blocked until all transitions that are members of the transition group have ended.

4   Related Work

The work described in this paper belongs to the area of software visualization.
Research in this area focuses on two subtopics: algorithm animation and program
visualization. Algorithm animations are usually application-specific developments,
where the abstractions are at a higher level ("problem oriented") and usually have to
be done by human designers. Among the most popular algorithm animation systems
are Balsa [3], Zeus [4], and Tango [9]. Most of our own developments within the
project Vivaldi [8] can be classified as algorithm animations.

Program visualization systems, on the other hand, deal with lower level
abstractions ("machine oriented"). The views of program and data structures can
therefore be generated more or less automatically. These views, which do not require
user intervention, are typically used for testing and debugging software. Program
visualization systems can be classified as either visual debuggers [1], [7], [10], [11],
[12] or visual program tracing systems. One of the most powerful visual program
tracing systems is IBM’s Jinsight [5] for Java programs that helps to tune the
performance of a system or find memory leaks.

JAVAVIS is a program visualization system, as the title of this paper indicates.
The most important differences between JAVAVIS and visual debuggers are as
follows:
1. Although a debugger interface is used to extract the information that is visualized

in JAVAVIS, our system is not a debugger. The goal of JAVAVIS is not to
debug software, but help students to develop an understanding of object-oriented
concepts.

2. Thus JAVAVIS is primarily suited for small-sized programs. All information that
is accessible within a method is displayed. The students can see the
"environment" of an executed method. Visual debuggers require the users to
select the information that shall be visualized, because displaying all available
information is not helpful in larger programs.
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3. JAVAVIS provides at the same time a control flow view and a data view
(sequence and object diagrams). Visual debuggers usually focus on visualization
of data structures.

4. JAVAVIS consequently uses the UML diagram types and thus provides object-
oriented views. Most visual debuggers are based on lower level abstractions.

JAVAVIS is different from a program tracing tool like Jinsight. A program tracing
tool gathers lots of information from a running program and displays this information
graphically in condensed forms. The experienced programmer may thus discover
memory leaks or other effects. So it also helps to understand a program. JAVAVIS
focuses on a much more detailed level. It is not a tool for experienced programmers,
but for programming novices.

5   Summary and Outlook

In this paper we presented a system called JAVAVIS that was developed as a tool to
support teaching object-oriented programming concepts with Java. The tool monitors
a running Java program and visualizes its behavior with two types of UML diagrams
which are de-facto standards for describing the dynamic aspects of a program, namely
object and sequence diagrams. The users are able to step through the program line by
line or method call by method call and watch the changes in the diagrams. All
changes are done by smooth transitions.

JAVAVIS has been used successfully in lectures. We have not polled our students
in a systematic way about their usage and their impression of JAVAVIS. However,
we got very positive feedback from some of them. Our main goal, shaping their
thinking about a running Java program, seems to work excellently.

We believe that it was a good decision to use UML diagrams in our program
understanding tool. We are convinced that a programming language like Java and a
modeling language like UML should be introduced and used together. Using UML
not only in the design phase of a software engineering project, but also in the
understanding, testing and debugging phase may be a good vehicle for students to
better understand and get used to UML.

We also believe that it was a good decision to base the JAVAVIS system on JDI
and the Vivaldi Kernel. All needed functions are provided by these systems. If we had
to implement JAVAVIS again, it would be based on theses systems once more.

Still, some items remain to be done:
� Students would like to see the source code of the running program in a separate

window, with the currently executed line highlighted. This is easy to do, but it
has to be done.

� JAVAVIS does not scale for larger programs. The current version has a built-in
filtering option. This option, however, is based on classes and is therefore too
coarse-grained. We would like to have finer-grained techniques.

� After having acquired some knowledge about object-oriented programs, students
will have a second hard time when threads are introduced in their computer
science education. So we would like to have better support for visualizing
concurrent threads. As already mentioned in Section 2.3, currently  JAVAVIS
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does not show blocked states of threads or locked states of objects. We would
like to remedy this weakness in future releases. In addition, it would be nice if the
system would show the calls of the wait, notify and notifyAll methods and their
effects.
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Abstract.

To understand the dynamics of a running program, it is often useful to examine its state at specific
moments during its execution. We presentmemory graphs as a means to capture and explore
program states. A memory graph gives a comprehensive view of all data structures of a program;
data items are related by operations like dereferencing, indexing or member access. Although
memory graphs are typically too large to be visualized as a whole, one can easily focus on
specific aspects using well-known graph operations. For instance, a greatest common subgraph
visualizes commonalities and differences between program states.

Keywords: program understanding, debugging aids, diagnostics, data types and structures, graphs

1 A Structured View of Memory

Exploring the state of a program, to view its variables, values, and current execution
position, is a typical task in debugging programs. Today’s interactive debuggers allow
accessing the values of arbitrary variables and printing their values. Typically, values are
shown astexts. Here’s an example output from theGNU debuggerGDB:

(gdb) print *tree
*tree = {value = 7, name = 0x8049e88 "Ada", left = 0x804d7d8,

right = 0x0, left thread = false, right thread = false,
date = {day of week = Thu, day = 1, month = 1, year = 1970,
vptr. = 0x8049f78 〈Date virtual table〉}, static shared = 4711}

(gdb) _

Fig. 1. Printing textual data with GDB

Although modern debuggers offer graphical user interfaces instead ofGDB’s com-
mand line, data values are still shown as text. This is useful in the most cases, but fails

S. Diehl (Ed.): Software Visualization, LNCS 2269, pp. 191–204, 2002.
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Fig. 2. The GNU DDD debugger

badly as soon as references and pointers come into play. Consider Figure 1, for example:
where doestree-> left point to? Of course, one can simply print the dereferenced va-
lue. However, a user will never notice if two pointers point to the same address—except
by thoroughly checking and comparing pointer values.

An alternative to accessing memory in a name/value fashion is to model memory as
a graph. Each value in memory becomes a vertex, and references between values (i.e.
pointers) become edges between these vertices. This view was first explored in theGNU
DDD debugger front-end [8], shown in Figure 2.

In DDD, displayed pointer values are dereferenced by a simple mouse click, allowing
to unfold arbitrary data structures interactively.DDD automatically detects if multiple
pointers pointed to the same address and adjusts its display accordingly.DDD has a
major drawback, though: each and every pointer of a data structure must be dereferenced
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Fig. 3. A simple memory graph

manually. While this allows the programmer to set a focus on specific structures, it is
tedious to access, say, the 100th element in a linked list.

To overcome these limitations, we proposememory graphs as a basis for accessing
and visualizing memory contents.A memory graph captures the program state as a graph,
very much likeDDD does; however, it is extracted automatically from a program. Since a
memory graph encompasses the entire program state, it can be used to answer questions
like:

– Are there any pointers pointing to this address?
– How many elements does this data structure have?
– Is this allocated memory block reachable from within my module?
– Did this tree change during the last function call?

In this paper, we show how to extract and visualize memory graphs, sketching the
capabilities of future debugging tools.

2 An Example Graph

As a simple example of a memory graph, consider Figure 3. The memory graph shows
the state of a program nameduserinfo1. userinfo takes aUNIX user name as argument
and shows the user’s full name and e-mail address.

In our case,userinfo was invoked withzeller as argument. You can see this by
following the edge named “argv” (the program’s arguments). Dereferencing the first
element ofargv (following the edge labeled “()[1]”, we findargv[1]—the argument
“zeller”.

To fetch the full name,userinfo accesses the user database via itspwd variable. By
dereferencing the link namedpwd from the top, you find a node named “{ . . . }”. This is
the recordpwd points to (i.e.∗pwd). Further descendants include the user id, the group
id, the full name of the user and theUNIX user name “zeller” as well). You see that the

1 userinfo is part of the GNU DDD distribution.
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Fig. 4. Memory graphs UML object model

two stringsargv[1] andpwd → pw name are disjoint; however,arg points to the same
string asargv[1]. Obviously, such a graph drawing is much more valuable than, say, a
table of variables and values.

If you are interested in a formal definition of memory graphs, see Figures 4 and 5.

3 Obtaining Memory Graphs

How does one obtain a memory graph? Figure 6 gives a rough sketch. At the bottom is
the debuggee, the program to be examined. Its state is accessed via a standard debugger
such asGDB. The memory graph extractor queriesGDB for variable names, types, sizes,
and values. SinceGDBis controlled via the command line, the dialogue between memory
graph extractor andGDB is actually human-readable, as shown in Figure 7 (bold face
stands forGDB commands as generated by the memory graph extractor).

You can see how the memory graph extractor queriesGDB for the address and size
of thepwd variable, then, having found it is a pointer, queries the object pointed to by
dereferencingpwd. The objectpwd points to is a C struct (a record), so the memory graph
extractor goes on querying the addresses, sizes and values of the individual members.
Note the usage of an internalGDBvariable$v17 here; this is done to avoid the transmission
of long expression names (such that we can use, say,$vn → value instead oflist →
next → next → next → · · · → value)

Once the entire graph is extracted, it can be made available for the programmer to
display or examine; it can also be shown in a debugging environment where additional
manipulations become available.

The formal details of obtaining memory graphs are listed in Figure 8; special caveats
about C programs are given in Figure 9.

4 Querying Memory Graphs

Once a memory graph is obtained, one can apply a number of graph algorithms to search
for specific variables and paths. Useful operations include:
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Fig. 5. The structure of memory graphs
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Fig. 6. Memory graphs within a debugging environment

. . .
(gdb) output &(pwd)
(passwd **) 0xbffff478
(gdb) output sizeof(pwd)
4
(gdb) output *(pwd)
{

pw_name = 0x8057830 "zeller",
pw_passwd = 0x8057837 "x",
pw_uid = 501,
pw_gid = 100,
pw_gecos = 0x8057839 "Andreas Zeller",
pw_dir = 0x8057848 "/home/zeller",
pw_shell = 0x8057855 "/bin/bash"

}

(gdb) set variable $v17 = pwd
(gdb) output &((*$v17).pw_name)
(char **) 0x40133ce0
(gdb) output sizeof((*$v17).pw_name)
4
(gdb) output (*$v17).pw_name
0x8057830 "zeller"
(gdb) output strlen((*$v17).pw_name) + 1
7
(gdb) output &((*$v17).pw_passwd)
(char **) 0x40133ce4
(gdb) output sizeof((*$v17).pw_passwd)
4
(gdb)
. . .

Fig. 7. Dialogue between memory graph extractor and GDB

Slicing. A memory slice2 is a subgraph of the memory graph. We distinguish two kinds
of slices:

– A backward slice for a variablev consists of all the paths leading from the
root vertex tov; it answers the question “On which paths canv possibly be
influenced?”.
As a simple example, imagine you want to find out how a variablev can possibly
be changed. The backward slice gives you all pointers referencingv.

– A forward slice consists of all the paths starting fromv; it answers the question
“On which paths canv possibly influence some other variable?”
As another example, imagine you want to find out whether some part of memory
becomes unreachable once a pointerv is changed. The forward slice tells you
which variables were previously reached viav.

Slices are easily computed by determining reachable vertices.
Chopping. A memory chop between two variablesv andw is the intersection of the

forward slice ofv and the backward slice ofw; it answers the question “On which
paths canv possibly influencew?”.
If the chop ofv andw is empty, then there is no way thatv could possibly influencew.
This is an important prerequisite forgarbage collection: Whatever memory is to

2 The nameslice is adapted from the notion ofprogram slicing on program dependency graphs [5].
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Fig. 8. The construction of memory graphs
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Fig. 9. Dealing with C data structures
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Fig. 10. Finding out what has changed

be collected must not be reachable from any base variable of the program. Using
memory graphs, this property can easily be verified at run-time.

Searching. A feature not present in today’s debuggers, but easy to realize using memory
graphs, is to answer the question “Which variables all have a value of1”? This can
be used to “grep” the memory graph for specific values; the backward memory slices
then tell the access paths to these values.
Searching is easily implemented using graph traversal.

Clustering. To facilitate the comprehension and visualization of memory graphs, it may
be useful to identify clusters in the graph and to condense them into single vertices.
This can be done using graph information alone. It may be more effective, though,
to cluster variables belonging into a specific module or package.
Clustering is an open issue for memory graphs; we expect most progress from
domain-specific clustering methods.

5 Graph Differences

Another important application for memory graphs iscomparing program states—that
is, answering the question “What has changed between these two states?”
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Fig. 11. Detecting differences
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If the state is given in a name/value fashion, comparing states is difficult as soon
as pointers come into play. For instance, we might like to invoke theuserinfo program
with a differentUNIX user name. In this alternate run, all pointers can have different
values (depending on the available memory), but still the same semantics. With a graph
abstracting from concrete values, comparing program states becomes a rather simple
graph operation—namely, the detection of the greatest common subgraph.

The construction details of the greatest common subgraph is described in Figure 11.
In Figure 10, we see the result. The upper graph again shows theuserinfo state, as in
Figure 3. The lower graph shows theuserinfo state when invoked withUNIX user name
zimmerth; the common subgraph of the two graphs is outlined. One can clearly see the
remaining differences.

If we knew, for instance, that the first run works fine, but the second does not, we
know that the cause for the failure must be somewhere in the difference between the
program state. Comparing memory graphs gives us this ability.

6 Querying Graph Structures

As a last memory graph, consider Figure 12. This memory graph was obtained from the
GNU compiler as it compiled the C statement

z[i] = z[i] * (z[0] + 1.0);

The graph shows the statement as aregister transfer language (RTL) tree, the internal
representation of the intermediate language used by theGNU compiler. (TheGNU com-
piler first converts its input into a syntax tree, which is transformed intoRTL, which,
after a series of optimizations, is then finalized into assembler language.)

This graph shows only a subset of the fullGNU compiler state, whose memory graph
at this time has about 40,000 vertices. However, even this subset is already close to the
limits of visualization: if theRTL expression were any larger, we would no longer be
able to depict it.

Nonetheless, we can use this graph to debug programs. It turns out thatGCCcrashes
when its internalRTL expression takes this form. This is so because thisRTL tree is not
a tree; it contains a cycle in the lower right edge. This cycle causes an endless recursion
in theGNU compiler, eventually eating up all available heap space.

We do not assume that programmers can spot cycles immediately from the visua-
lization in Figure 12. However, we can imagine traditional graph properties (such as the
graph being complete, cycle-free, its spanning tree having a the maximum depth and so
forth) being computed for memory graphs, for instance in a debugging environment. A
click on a button could identify the cycle and thus immediately point the programmer
to the failure cause.

7 Drawing Memory Graphs

The figures in this paper were drawn in a straight-forward way using theDOT graph
layouter from AT&T’sgraphviz package [3]. While these layouts are nice, they do not
scale to large memory graphs (with 1,000 vertices and more).
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Fig. 12. An RTL tree in the GNU compiler. Can you spot the cycle?
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Fig. 13. The RTL tree from Figure 12 as visualized byh3viewer

More promising areinteractive graph renderings that allow the user to navigate
along the graph. We are currently experimenting with theh3viewer program that creates
hyperbolic visualizations of very large graphs [4].

Figure 13 shows a screenshot ofh3viewer.3 The actual program is interactive:
clicking on any vertex brings it to front, showing detailed information. By dragging
and rotating the view, the programmer can quickly follow and examine data structures.
If future successors toDDD will have an interactive graph drawing interface, it may look
close to this.

Another idea to be explored for presentation issummarizing parts of the graph. For
instance, rather than showing alln elements of a linked list, it may suffice to present
only the basicshape of the list—in the style ofshape analysis [6], for instance.

Finally, there are several pragmatic means to reduce the graph size: for instance, one
can prune the graph at a certain depth, or, simpler still, restrict the view to a particular
module or variable.

8 Conclusion and Future Work

Capturing memory states into a graph is new, and so are the applications on these graphs.
Realizing appropriate navigation tools, efficient analysis and extraction methods and

3 Colors have been altered to fit printing needs.
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useful visual representations are challenges not without reward. Our future work will
concentrate on the following topics:

Automated Debugging. By comparing two memory graphs—one of a working run and
one of a failing run—and narrowing down the failure-inducing differences, as shown
in [7], one may be able to isolate failure-inducing variable values during a program
run. By repeating this at various places during program execution, one can isolate a
wholecause-effect chain explaining how the failure came to be.

Queries. Once a memory graph is extracted, it may be useful to query the graph for
specific properties (such as some subgraph being free of cycles, for instance). We
are investigating into appropriate languages that allow us to specify and query such
properties.

Visualization. Memory graphs are far larger than the classic examples used for va-
lidating graph drawing algorithms. Yet, memory graphs should have a far higher
regularity than, say, random graphs. We are currently exploring how this regularity
can be exploited to result in well-structured visualizations.

As a whole, memory graphs are anenabling technique that allow for new tools with
new capabilities—be it for program analysis, program comprehension or automated
debugging. Right now, we cannot yet see all the applications of memory graphs—and
this is probably a good sign.

More information on memory graphs can be found at

http://www.st.cs.uni-sb.de/memgraphs/
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Chapter 3
Software Visualization and Education

Introduction
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Education has a distinguished history within SV. In fact, one of the most significant
SV systems Sorting Out Sorting (SOS) [1, 2] was created to support students. SOS is
a 30 minute film which describes nine sorting algorithms. The most referenced part of
the film is one of the final scenes where a ‘grand race’ of the nine algorithms is
depicted as nine simultaneously animated cartesian graphs. This scene, shown in
figure 1, clearly indicates the different behaviour and performance of the nine
algorithms. The impact of SOS was so profound that even today, over 20 years later,
sorting is the most common domains used for demonstrating algorithm animation
systems.

A second early piece of significant work was the computer lab at Brown University
[3]. From 1983 algorithms and data structure courses have been taught in a classroom
where each student has a dedicated networked workstation (initially Apollo, now
Sun). Using the network instructors animating displays are copied to the students’
screens. Although never formally evaluated anecdotal evidence indicated that the
classroom is an extremely valuable resource for the students.  The main problems
encountered were associated with the effort which instructors had to put in to design,
integrate and maintain the animations.

In the early days the main tool used with the computer lab at Brown was BALSA
[4], which provided an elegant environment for programmers to create animations
based on an extension of the classical graphics model-renderer paradigm.

1 Evaluation

At The Open University over two decades of work has been put into creating SV
based environments for novice programmers. Most of this work has taken place
within the context of a  Cognitive Psychology course (D309). Within this course

mailto:j.b.Domingue@open.ac.uk
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Fig. 1. The Grand Race scene from the Sorting Out Sorting video [included here by per-
mission, Copyright 1997 ACM, Inc, originially published in Ron Baecker et al,"The
Debugging Scandal and What to Do About It", Communications of the ACM, Vol. 40:4 (April
1997).]

students, who do not have a computing background, nor a computer, create programs
which represent established cognitive models. Undergraduate courses at The Open
University are taught at a distance with students attending a week long summer school
each year. Most of the programming in this setting takes place in a two day period
within the summer school. Early studies, [5, 6] indicated that whilst the majority of
students could design algorithms, debugging even relatively small programs was a
major hurdle. In the late 80s D309 moved from an in-house language to Prolog and a
cradle-to-grave environment the Transparent Prolog Machine (TPM) [7, 8] was
developed. In addition to the students on the D309 course, TPM was designed to
support expert Prolog programmers (hence cradle-to-grave). These two communities
had their own requirements. Students needed a clear and simple execution model
whilst experts required powerful navigation techniques aligned to the ability to see
low level details. TPM met these requirements by incorporating two tightly coupled
AND/OR tree views at differing levels of abstraction. The coarse-grained view
provided by TPM is shown below.

The feedback from the one thousand D309 students who took the course each year
and from the expert Prolog programmers was positive and a masters course (DM862)
was created which embedded the TPM notation throughout the textbook and video
curriculum material [9, 10]. DM862 ran for 8 years attracting around 120 students
each year.
     In the early 90s TPM was evaluated against 3 textual Prolog tracers within the
D309 course [11, 12]. Sixty four students participated in the experiment working in
pairs to compare two similar programs. The students who used TPM took
significantly longer to complete the experimental task than the students who used the
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Fig. 2. TPM’s coarse-grained view of Prolog execution. The scissors and the cloud indicate
precisely the effect and scope of the Prolog cut primitive [taken by permission from
http://kmi.open.ac.uk/kmi-misc/tpm/tpm.html]

textual tracers. From protocol analysis it was clear that when using TPM problems
arose when a student had a misconception of the Prolog execution model. Instead of
the visualization leading the student to correct their buggy execution model, TPM’s
graphical notation was re-interpreted by the student to match the incorrect model. An
underlying cognitive model for this can be found in the work of Karmiloff-Smith [13,
14] in her studies of learning in children. She found that children move from simple
“behavioural mastery” of domains to “deep understanding” through  representational
redescription.  Representational redescription is a learning process where existing
knowledge is unpacked and restructured to make key concepts and relationships
explicit. Novice programmers, who only have behavioural mastery of a language,
tend to map surface features of the code to surface features of the SV notation.  A key
requirement therefore for any SV used in a teaching context is that the notation must
be explicit, thus avoiding ambiguous interpretation. Ideally, SV systems should use
multiple notations to support learners as they progress from novices to expert
programmers.

The above conclusions are (at least in part) backed up by a series of studies [15,
16] on the use of algorithm animations built in Tango [17, 18] and POLKA [19].
Summarising these results Stasko and Lawrence (in [16]) argue that when algorithm
animations are used passively their impact on learning is minimal. The reason for this
is that students do not know the algorithm that is being displayed, hence do not
understand the operations or data objects and therefore can not make the mapping to
their visual representation. This type of mapping problem occurred numerous times
within their experiments. Their proposed solution is to engage students with the
animation. Students should at least be able to enter their own input to the algorithm.
Hundhausen and Douglas [20] conducted some interesting studies comparing the
performance of students using POLKA against students who created their own
algorithm animations using a selection of art supplies including paper, coloured pens,
scissors and sticky tape. Unfortunately, no significant results were found. The results
of this work, however, formed the design principles for SALSA, an interpreted, high-
level language for constructing low fidelity algorithm animations and ALVIS a direct
manipulation environment for SALSA. These are reported in the chapter by
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Hundhausen and Douglas “A Language and System for Constructing and Presenting
Low Fidelity Algorithm Visualizations”.
In “Structure and Constraints in Interactive Exploratory Algorithm Learning” Nils
Faltin describes how students can engage with algorithm animations by breaking the
algorithms into small chunks and encouraging the students to reconstruct the original
algorithm. A somewhat similar approach is described “Understanding Algorithms by
Means of Visualized Path Testing” by
Korhonen, Sutinen and Tarhio. In this chapter the authors outline a technique where
algorithms are broken into blocks based on the algorithm pathways - pathways in the
control flow graph of the algorithm.
Fleischer and Kucera use previous studies and systems to abstract out a number of
design rules for constructing algorithm animations in “Algorithm Animation for
Teaching”.
An extremely useful overview of 24 studies of the educational effectiveness of
algorithm animations in education can be found in [21].

2 Web Based Environments

Since the mid 90s a number of web based SV systems specifically aimed at
supporting learners have been created. The first system was Collaborative Active
Textbooks (CAT) from Brown and Najork [22], which was web-based environment
which allowed collaborative animations to be created and then be run simultaneously
on a number of machines. The original CAT was written in Obliq [23] and required a
specialist browser. A screen snapshot from the Java based version of CAT, JCAT
[24], displaying a quicksort algorithm is shown in figure 3. The figure shows three
views of the quicksort algorithm - for each animation, JCAT provides single-user,
tutor and student views. Intended for classroom style teaching, the view and speed of
student views can be controlled remotely using a tutor view. Recently, the ability to
display 3D visualizations has been added to JCAT [25].

SAMBA [26] is a simple interface to POLKA [19], designed to enable computer
science students to construct their own animations. JSAMBA [27] is a Java interface
to SAMBA allowing animations to be constructed over the Web by typing commands
into a text window within an applet. Each command consists of the command name
(e.g. circle) followed by a unique identifier for the graphical object (e.g. 6). The
remaining arguments specify the attributes of the graphical object. The commands
define the appearance, location and movement of objects within the animation. The
defined animation is then run in a separate browser window.

Another environment designed to enable users to easily create simple animations is
Jeliot [28]. Animations of EJava (a specially created variant of Java) are created semi-
automatically in Jeliot using a set of animated data types. Using a provided Java
applet, users can send their code to a central server where the variables which can be
animated are extracted before compilation by a standard Java compiler. Animation
creation is based on a theatre metaphor. The compiled code is sent back and a director
window is created. Animations are displayed on a stage which is controlled through a
stage manager. The stage manager is used to select the variables to be animated and to
specify their location and graphical representation. As the animation runs, the
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currently executing line of source code is highlighted. An example Jeliot animation is
shown in figure 4. A simplified version of the system, Jeliot 2000, has recently been
evaluated in class room setting with high school pupils [29].

Fig. 3. A screen snapshot of JCAT displaying three views (dots, bars and code based) of the
Quicksort Algorithm [taken by permission of Marc Najork and Compaq Systems Research
Center from http://www.research.compaq.com/SRC/JCAT/jdk10/sorting/index.html]

The Internet Software Visualization Laboratory (ISVL) [30, 31] is a generic web
based environment for displaying program visualizations over the web. Students can
use ISVL to submit programs through a web browser. The programs are run on a
central SV web server and a visualization is returned which can be played through
using a video recorder style replay panel. The visualizations can be run in ‘broadcast
mode’ whereby any students in ‘receive mode’ gets a live feed from the broadcasting
machine. Asynchronous communication, an important component of distance
education, is supported through the ability to annotate and store visualizations. Figure
5 shows a visualization of a student’s (Bill) program which has subsequently been
annotated by his tutor (Ingrid). ISVL also provides a facility for searching for
visualizations by specifying visualization patterns. This facility effectively allows
students to ask “has any other student had this problem before?”.

In “Hypertextbooks: Animated, Active Learning, Comprehensive Teaching and
Learning Resources for the Web” Ross describes a comprehensive set of web based
learning resources incorporating built in SVs. Hypertextbooks allows students to
follow threads of differing difficulty through the material using a ski slope metaphor.

In “A taxonomy of network protocol visualization tools” Crescenzi and Innocenti
provide a taxonomy which aids educators in choosing network protocol visualization
tools  appropriate for a given teaching context.

As will become clear in the chapters in this section there has been a shift in recent
years within the SV for education community. Today the design of SV frameworks

http://www.research.compaq.com/SRC/JCAT/jdk10/sorting/index.html
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Fig. 4. A screen snapshot of a Jeliot animation of bubble sort. The array is shown at the top. K
and J are loop counter variables and temp is a variable used to hold items in the array. The two
array items 64 and 57 are being compared using the ‘>‘ operator (partially hidden by the 64 and
57 boxes).

Fig. 5. A screen snapshot showing a tutor Ingrid offering advice to a student Bill by annotating
a visualization within ISVL.
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and systems not only deploy state-of-the-art visualization techniques but use theories
of learning, taken from the cognitive psychology community, to ensure that student
activity results in significant learning outcomes. A future challenge is to create tools
and methodologies which will result in the use of SVs by the majority of computer
science educators.
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Abstract. Traditionally an algorithm is taught by presenting and explaining the problem, the 
algorithm pseudocode and an algorithm animation or a sequence of static snapshots. My aim 
is to foster creativity, motivation and high level programming concepts by providing the 
student an alternative route to algorithm understanding: exploratory learning. The algorithm
is structured into several functions and this structure is presented to the student. The student is 
encouraged to device a pseudocode description himself. An instance of the problem is pre-
sented on the level of each algorithm function. A graphical simulation of the data structures and
some of the algorithm functions are provided. It is the student‘s task to find out a correct 
sequence of function calls that will solve the problem instance. The instructor can control the 
difficulty of the task by providing algorithm constraints. Each new constraint will shrink the 
solution space and thus ease the task.

1 Introduction

1.1 Why Are Algorithm Animations Not Used Widely?

Algorithms and data structures are an important part of computer science education.
Textbooks and instructors routinely use graphical representations of the data structure
to explain the working of an algorithm. Because an algorithm changes its data structure
over time, it seems natural to portray this process using a film (an algorithm animation).
The field of algorithm animation has mainly been working on technical support for the
production of such films. The book by Stasko et al. gives a good overview on algorithm
animation [1]. Although it has become easier to produce animations and a lot of anima-
tions are available on the internet, it seems that only few instructors and text book au-
thors use animations to explain algorithms. This problem is clearly recognized by the
community. In the motivation to the Dagstuhl seminar on Software Visualized in May
2001 the participants were asked to answer the question: „Why is software visualization
not widely used in education and software development?“.

S. Diehl (Ed.): Software Visualization, LNCS 2269, pp. 213−226, 2002.
Springer-Verlag Berlin Heidelberg 2002



1.2 Animations Must First Become Effective by Promoting Active Learning

Many animations available today only allow the student to passively watch the anima-
tion.The reluctancy of some computer science instructors to use algorithm animations
may well be based on their intuition that such animations are not more effective than
conventional media like transparencies or blackboards. They feel that students should
be more actively involved in the learning process. This view is supported by a  new
meta-study of 24 controlled experiments evaluating algorithm animation effectiveness
[2]. Most of the experiments evaluate the effect of different types of learner involve-
ment. One type, passive learning, encompasses learners reading textual material, listen-
ing to a lecture or passively viewing a visualization. The other type, active learning,
encompasses learners answering questions, constructing input data sets, predicting al-
gorithm steps, programming an algorithm, or constructing an algorithm animation. The
experiments showed a clear advantage of active over passive learning. Of the 14 exper-
iments that compared levels of learner involvement, 10 showed a significant advantage
of active learning, no experiment showed an advantage of passive learning and 4 exper-
iments did not show a significant difference.

1.3 Examples for Approaches to Active Learning

A number of research projects have developed methods and software for engaging com-
puter science students in active learning of algorithms. The following list gives some
examples of such approaches. Four more examples can be found in the meta-study ([2],
sec. 5.1.4).

Social learning: Christopher Hundhausen proposes a constructivistic view of
learning in which the student takes on increasingly central roles within a
community of active professionals [3]. Algorithm animations are construct-
ed by small student groups and are presented and discussed with their peers
and the instructor. The animations can be made out of simple art supplies or
with a special authoring tool. The ALVIS/SALSA tool he developed sup-
ports direct manipulation of graphical primitives (like a drawing program),
self-displaying objects, relative object coordinates, a  scripting language,
flexible execution control and on-the-fly changing of an animation during
presentation. The tool is described in detail in a paper by Hundhausen in this
volume. Students carefully choose a small set of interesting input data and
show the algorithm executing on it. There is no need to program an algo-
rithm animation for general input. He studied this teaching method in an un-
dergraduate course and documented it with ethnographic methods. The
instructor and the students liked the teaching method and benefited from it.

Interactive construction: Susan Rodger developed the JFLAP system for an
automata theory course [4]. It allows students to create and simulate autom-
ata and to convert between automata, grammars and regular expressions.
Students can convert the automata manually in stages with ‚help‘ or watch
an animation. JFLAP can be used during lecture, in a lab or at the students‘
home.
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Predicting algorithm steps: Several systems have been built that allow an an-
imation to run in self-test mode. In this mode the animation pauses at certain
points and asks the student to predict the next step of the algorithm. He may
be asked to click on data elements or type in numerical values. For example
the heapsort algorithm can be run in self-test mode in the system ‚Algo-
rithms in Action‘ [5].

Visual programming: Amir Michail built the OPSIS system for visual pro-
gramming of algorithms that work on binary search trees [6]. A program is
a kind of finite state machine. A state corresponds to a set of states of the
data structure that conform to a constraint. The graph of program states can
be viewed as a visual proof for the correctness of the program. The student
programs by selecting a state and assigning an operation to the state. The
system will automatically generate one or more successor states. Loops are
formed by identifying a successor state with an already existing state. The
program can be executed on input data and the program trace will be visu-
alized.

Exploratory learning: I have developed a method for interactive exploratory
algorithm learning. Students re-invent parts of an algorithm. They work
with a series of interactive algorithm simulations that allow them to experi-
ment with algorithm functions and try out their solutions. The method is de-
scribed in detail in ([17], [18]) and briefly sketched in sections 3.2 to 3.6.

1.4 Overview of Following Sections

I will go into detail about some concepts that underlie my method of exploratory learn-
ing, but that can also be used independently. Section 2: Functional structuring means
to divide an algorithm into many small functions that can be explained and compre-
hended independently. Section 3: Instead of giving all information about an algorithm,
as in a typical lecture or textbook, students should have the opportunity and the envi-
ronment to find out some aspects themselves (exploratory learning). Section 4: Con-
straints and invariants are commonly used to proof the correctness of an algorithm, but
they can also be used to describe an algorithm and to control the difficulty of explorato-
ry learning tasks.

2 Functional Structure

It is a basic heuristic principle to structure systems recursively into modules in order to
manage their complexity. The structuring principle is used in several domains that are
linked to algorithm learning and where comprehensibility is a main goal:

• Research in cognitive psychology suggests that knowledge in the brain is organized
as a net of concepts ([8], pp 144-147; [9], chapter 5).
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• Physical skills like juggling and stilt walking can be structured into subskills that can
be named and trained separately. Seymour Papert reports that the time needed to
learn juggling is reduced from several hours to about half an hour when subskills are
taught separately and not as a sequence of basic steps. Learning structured program-
ming and debugging in LOGO enabled children to better describe their experiences
learning stilt walking ([10], chapter 4).

• Software engineering suggests to construct software out of interrelated modules.
Modularization is a main theme in Bertrand Meyers textbook ([7], chapter 3).

• Textbooks typically explain an algorithm in a structured way. The different aspects
of the data structure are shown. The code is divided into several functions that are
explained individually. For example the heapsort algorithm is divided into six func-
tions in the Cormen et al. textbook ([13], chapter 7). Sedgewick uses only two func-
tions in his textbook ([14], chapter 11), but explains the build-heap and sorting phase
in the text, which can be viewed as a replacement for defining functions.

But structuring does not come without cost. Dividing an algorithm into several func-
tions introduces function declarations and function calls into the code. This makes the
code longer and can slow down execution, if the compiler does not inline the called
functions. And some minor performance optimization opportunities may be lost. We
see a low-structured style in the original publication of heapsort [15] which uses only
two heapsort-specific functions (besides an exchange function) and extends the build-
heap phase into the first pass of the sort phase. It seems that the need for a short descrip-
tion in the journal and fast execution on a computer were the motivation for using a low-
structured style.

While this answer to the trade-off between presentation space and comprehensibility
may be acceptable for a scientific publication it is certainly not appropriate when teach-
ing algorithms to students. Unfortunately most authors of algorithm animations follow
a low-structured style and only create one animation that shows the basic steps of an
algorithm. As an example, most animations of quicksort just show the comparing and
exchanging of elements, but not the main functions quicksort and partition. It would be
better to create a separate animation for each algorithm function and visualize each call
to a helper function as one interesting event [16].

Structuring an Algorithm into functions is a prerequisite for the design of algorithm
simulations, that are described below.

2.1 Structured Programming - A LOGO Example

Seymour Papert gives an example for the benefits of structured programming in the
LOGO programming environment ([10], pp. 100-103). A  child had chosen to draw a
stick figure of a man (fig. 1, adapted from [10], p. 100) with the LOGO turtle. In his
first, unstructured approach he mimiced a  paper-based dot-to-dot drawing. He pro-
grammed the drawing by a sequence of turtle commands in a procedure man: turn the
turtle, draw a line for the left leg, turn, move back, turn, draw the right leg, turn, move
back and so on (fig. 2). For the 10 dots this leads to about 25 turtle commands. But the
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resulting drawing did not resemble the desired stick figure. It was very hard to find the
bug in this one large procedure. This experience led the child to appreciate structured
programming.

Papert then shows how the stick figure can be drawn with a structured LOGO pro-
gram. The program consists of the procedures man, wedge, head, line and square. Each
procedure draws a geometric part of the figure. The man procedure calls wedge and
head, while wedge calls line and head calls square (fig. 3). The LOGO code for the pro-
cedure man is shown in fig. 5 (adapted from [10], p. 102). Such a structured program is
much easier to understand, because each procedure can be understood and tested sepa-
rately.

3 Exploratory Algorithm Learning

3.1 Learning Geometry in Mathland

Children learn their mother tongue easily in their first years of life, without receiving
any formal education. Even learning a second language is easy for a child, if it lives in
a culture that speaks that language. So if learning French is best done in France, what
is the best place to learn geometry in? It was the vision of Seymour Papert to develop a
‚mathland‘, in which it should be natural, easy and enjoyable to learn geometry [10].
He saw the computer as a new educational tool that could serve as a medium for access
to mathland. In Papert‘s mathland the child programmed a mechanical robot, the turtle,

Fig. 1.  Stick figure man Fig. 2. Dot-to-dot

man

wedge

line

head

square

Fig. 3. Function call
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to plot drawings on paper or a screen turtle to produce colored drawings on the comput-
er screen. The children worked on small self-chosen programming projects. They inter-
acted with the turtle through the textual programming language LOGO. The work was
motivating, because they pursued their own goals and received visual feedback through
the generated drawings. Their experiences in the turtle environment led them to appre-
ciate heuristic strategies like structure and debugging and domain-specific theorems.
An example is the turtle round-trip theorem that states that a turtle that draws the border
of a shape will in sum make a 360 degrees rotation.

The LOGO turtle is an example of an exploratory learning environment for the do-
main of geometry. Much of the motivation, insight and knowledge does not come from
teaching but from own experiences in the learning environment. It is the child that is
actively exploring the rules and concepts of the learning environment. The task of the
teacher changes from instructing to preparing the environment, giving a short introduc-
tion to it and helping the child when it gets stuck.

3.2 Learning an Algorithm Function with a Simulation

I have developed a framework for courseware that realizes an exploratory learning en-
vironments for algorithms ([17], [18]). Two examples for such courseware are de-
scribed in section 3.4. Hansen, Narayanan and Schrimpsher have developed a similar
framework for embedding algorithm animations in hypermedia environments [11].
Their emphasis is on active learning and on presenting multiple views and approaches
to the algorithm. They do not promote exploratory learning. Similar to [5] they do
present an algorithm on different levels corresponding to pseudocode segments, but
they do not work with a strict functional structure as is done in my approach.

According to my approach, an author of a learning environment shall decompose an
algorithm into many small functions and draw a call graph for the functions. The call
graph is shown to the student and the data structure and the purpose of each function is
explained. It is the student‘s task to discover the correct algorithm steps himself. To aid
him an interactive visual simulation is offered for each function of the algorithm. It
shows the data structure and a button for the functions that are called from the actual
function (Fig. 4). The interactive visualization serves as the user interface to the callable
algorithm functions and the data structure. The student is free to perform any sequence
of function calls that reaches the goal of the current algorithm function. He is not bound
to perform the exact steps of the actual algorithm, as he is with the ‚predict the next step‘
type systems like [5]. The student performs a step by clicking on objects in the data
structure and starting functions by clicking on the buttons. In some sense the student is
acting as the computer at the level of the current function. Past empirical research points
out the importance of a step back/ rewind feature in algorithm animations [12]. If the
student realizes that he has done steps in error, he should be able to undo them. So the
algorithm simulation must both simulate the function calls and provide mechanisms for
undo. At any time the student can consult a tutorial text explaining the standard solution
and watch an animation of the actual algorithm.
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3.3 An Algorithm Simulation for the LOGO Function Man

If we view the stick figure program as an algorithm we would provide an interactive
simulation for each of the procedures man, wedge, head, line and square. Fig. 6 shows
an algorithm simulation for the man function. The goal for the student is to draw the
complete stick figure. The procedures wedge and head can be called by clicking on the
corresponding button. The „Forward 25“ button is provided to simulate an execution of
the basic LOGO command Forward with parameter 25, which moves the turtle forward
25 distance units and draws a line. Note that in this example, there is no need to provide
actual parameters for the function calls. It suffices to click on the buttons.

Initially the drawing space left of the buttons contains only an arrowhead marking
the position and heading of the turtle. By pressing the wedge button the legs are drawn.
The correct solution is to continue with two times Forward 25, wedge, Forward 25 and
head. For each button pressed, the simulation responds by drawing the corresponding
figure. At the end, the complete stick figure is drawn, as shown in fig. 6.

3.4 Courseware for Exploratory Learning

Our research group has developed webbased courseware on the algorithms following
my guidelines for exploratory learning. The courseware on Binomial Heap (fig. 7) and
Heapsort (fig. 8) [19] are freely available over the internet under the GNU General Pub-
lic License. They contain explaining text and figures, like those found in a textbook and

Student Interactive Visualization Algorithm

Fig. 4. Exploring an Algorithm function

TO man
wedge
FORWARD 50
wedge
FORWARD 25
head

END

Fig. 5. Function man in LOGO

man

head

wedge

FORWARD 25

Fig. 6. Algorithm simulation for man function
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several interactive simulations of algorithm functions as Java applets. The binomial
heap courseware has a comprehensive tutorial text. Some of the applets allow several
paths to the solution, while some are restricted to one solution path. The tutorial text is
currently only available in german, while the applets are available in german and en-
glish. The courseware on Heapsort has less tutorial text. Its applets can be used in sim-
ulation, practicing and animation mode. In simulation mode the student performs the
algorithm steps manually and all solution paths are accepted. In practicing mode only
the solution path of the standard algorithm is accepted. But now the student can request
hints to complete the task. In animation mode, the student controls the animation with
a VCR-like panel and all steps are performed automatically. The pseudocode of the
function is displayed with the active line highlighted. All modes support multiple undo/
step backward and smooth visual transitions between states of the data structure. The
applets use our SALABIM java library to manage undo information, to check user steps
against standard solution steps and to realize the user interface of execution control. The
heapsort courseware is available in english and german.

3.5 Evaluating the Courseware

The courseware on Binomial Heap was formally evaluated in five sessions each with
one computer science student. The student was watched while he was reading the
courseware pages and working with the applets. This uncovered some usability prob-
lems, like for example a link that led several students astray. After that students an-
swered a test asking procedural and conceptual questions about the algorithm. Four of
the five students performed very well in the test. Finally the students were interviewed
and asked about their learning style, opinion and preferences. This evaluation helped to
identify and fix problems in the courseware.

Both the courseware on Binomial Heap and on Heapsort were used in a first year
computer science course on algorithms and data structures at our university of Olden-
burg, germany. Students received assignments to work through the courseware and then
work on some traditional paper-and-pen or programming task. Many students had tech-
nical problems with the heapsort java applets, because they had to install the Java-
Swing library first. So we changed the courseware, so that the library will be loaded au-

Fig. 7. Binomial Heap: Find Minimum Fig. 8. Heapsort: Build Heap
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tomatically over the Internet, even if this takes longer time than with a locally installed
library. The majority of students had no technical problems with the Binomial Heap
courseware.

Most students worked in groups of two on the assignments. Student work groups,
teaching assistants and the instructor were asked to rate both courseware products on a
questionnaire on a scale from one to six (1 = „very helpful for learning the algorithm“,
2= „helpful“, 3= „useful“, 4= „questionable whether helpful“, 5= „useless“, 6= „harms
learning“). The heapsort courseware received an average rating of 2,64 (with 44 ques-
tionnaires returned) and Binomial Heap a rating of 2.05 (40 questionnaires returned).

Figure 9 shows the simulation of the function Heapify-Locally from the courseware on
heapsort. The student has the task to establish the heap order in the three nodes heap
tree. The heap order demands that the key in a parent node must be greater or equal than
the keys in the child nodes. At the beginning of the exercise the content of the nodes is
unknown, so they are displayed in dark grey. Users compare two nodes by clicking on
the nodes and then on the button „Compare“, which makes the keys visible and displays
a relation sign (<, =, >) between the nodes. Keys are visualized by squares proportional
in area to the key size. Users swap the keys of two nodes with the button „Swap“.

Figure 10 shows the steps of the standard solution from the actual heapsort algo-
rithm. First both child nodes are compared. The larger child node is compared with the
parent node. If necessary the keys of the parent and the larger child node are swapped.

To enable exploratory learning, the simulation allows arbitrary step sequences. So
the student can try different solutions to find an optimal solution. Figure 11 shows a dif-
ferent and longer step sequence to reach the goal of establishing the heap order. The par-
ent node is compared with the left child. Because the child contains a larger key, keys
are swapped. Likewise the parent node is compared with the right child node and again
keys are swapped.

Fig. 9. Simulation of Heapify-Locally from Heapsort

 3.6 An Algorithm Simulation Example
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4 Constraints Delimit Exploration Space

An algorithm simulation can be viewed as a user interface to an exploration space. An
exploration space is a graph with vertices corresponding to function calls and edges cor-
responding to states of the data structure. The algorithm simulation visualizes a state of
the data structure and waits for user input. The user selects actual parameters in the data
structure and calls a function by pressing a button. This will change the data structure
which corresponds to following a vertex in the exploration space graph. The change
may be visualized by a smooth animation to the new state. 

Compare child nodes

Compare parent with larger child

Necessary to swap

Fig. 10. Standard solution for
Heapify-Locally

Compare parent with left child

Necessary to swap

Fig. 11. Alternative solution for
Heapify-Locally

Necessary to swap

Compare parent with right child
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In the algorithm simulation for the man function, each of the functions head, wedge
and forward can be called at any time. This corresponds to an exploration space with
infinitely many edges and vertices. While the solution is easy to find in the example of
the man function, it may be very difficult to find a path to the solution for more realistic
algorithm functions. Thus an author of an algorithm simulation needs a systematic way
to control the difficulty of the students task to find a path. She can do so by adding rules
that disallow some of the vertices. These rules are called constraints. The algorithm in-
variants are an important class of constraints. The more constraints are provided, the
smaller the exploration space gets. When there is only one chain of edges left, she has
in fact specified the algorithm completely. Adding more constraints would render the
task unsolvable.

4.1 Constraints and the Breadth First Graph Traversal

I will use the example of the breadth first graph traversal algorithm to explain the con-
straints concept. The algorithm solves the traversal problem: Given a graph with nodes
and connections and one start node visit all nodes in the graph (fig. 12).

The algorithm can be specified by stating the following four constraints:

1) Reachable Neighbor Constraint

The reachable neighbor constraint specifies that only neighbors of already visited nodes
are reachable. This is encoded in the visual classification of nodes (fig. 13). Nodes
which the algorithm does not know of yet are drawn as a small circle with a white inte-
rior. When a node becomes reachable, it is drawn with a large black disc to indicate that
it can be clicked on to be visited. These nodes are the „working set“ of the algorithm.
Nodes already visited need not be considered again, so they are drawn as small grey
discs.

2) Sequential Constraint

It is assumed that the algorithm runs on a sequential computer so it can only visit one
node at a time, even if several are reachable.

Start Goal

Fig. 12. Traversal Problem Fig. 13. Node States

unknown

reachable

visited
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Neighbor and Sequential constraint together form an exploration space shown in
fig. 14. Note that unlike the general case for algorithm simulations there are no „dead
ends“ in this example. Every path eventually leads to the solution state. Note also, that
there are several equally legitimate „solution paths“ to reach the goal. The „algorithm“
is still some kind of „non-deterministic“.

3) Breadth First Constraint

Up to now the student had the liberty to click on any of the reachable nodes. Now this
liberty is reduced significantly. In an implementation, the algorithm has to store the
reachable nodes. The constraint demands that they are stored in a FIFO queue.

This removes the edges A1 and A2 from the exploration space, leaving two edges
(B1 and B2) with multiple successors.

If we had demanded the use of a LIFO Stack, the edge B1 would have been removed,
resulting in a depth first algorithm.

4) Neighbor Sequence Constraint

When a reachable node is selected, its yet-unknown neighbors become reachable. The
neighbor sequence constraint establishes a  sequence among these newly reachable
nodes. It comes from the fact that in an implementation of a graph there is typically
some built-in sequence at which neighbors of a node can be accessed. The constraint
enforces one such sequence: these nodes can only be visited in a sequence starting with
the lowest node and continuing counterclockwise. Of course other sequence rules are
possible.

Start GoalB2

C1

A1

B1

C2

A2

Fig. 14. Exploration space for graph traversal
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This constraint removes the edges C1 and C2. Now there is only one chain of edges
and vertices left. It starts at the start vertex and ends at the goal vertex. This corresponds
to a trace of a classic (deterministic) implementation of a breadth first traversal.

5 Conclusion

Research in learning effectiveness of algorithm animations suggest that students should
participate actively in the learning process instead of just watching an animation. My
approach is to provide the student with an algorithm simulation as an environment for
exploratory learning, so that he actively reinvents parts of an algorithm. To make that
task feasible, an algorithm is structured into many small functions so the student only
has to think about one function at a time. Finding the steps of a function for a specific
data input can further be eased by providing constraints that delimit the exploration
space.

For the future of algorithms teaching I expect a more widespread use of active learn-
ing approaches. The approaches enumerated in section 1.3 are not mutually excluding
each other. It is worth considering a careful combination of these for future learning sce-
narios. For example students could develop prototypes of exploratory learning environ-
ments for an algorithm using tools like ALVIS/SALSA, discuss them with their peers
and the instructor and then implement them as Java applets.
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Abstract.

Computer science educators have traditionally used algorithm visualization (AV) software to
create graphical representations of algorithms that are later used as visual aids in lectures, or as
the basis for interactive labs.  Typically, such visualizations are high fidelity in the sense that
(a) they depict the target algorithm for arbitrary input, and (b) they tend to have the polished
look of textbook figures. In contrast, low fidelity visualizations illustrate the target algorithm
for a few, carefully chosen input data sets, and tend to have a sketched, unpolished appearance.
Drawing on the findings of ethnographic studies we conducted in a junior-level algorithms
course, we motivate the use of low fidelity AV technology as the basis for an alternative
learning paradigm in which students construct and present their own visualizations. To explore
the design space of low fidelity AV technology, we present a prototype language and system
derived from empirical studies in which students constructed and presented visualizations made
out of simple art supplies. Our prototype language and system pioneer a novel technique for
programming visualizations based on spatial relations, and a novel presentation interface that
supports reverse execution and dynamic mark-up and modification

1   Introduction

Algorithm visualization (AV) software supports the construction and interactive
exploration of visual representations of computer algorithms, e.g., [1-5].
Traditionally, computer science instructors have used the software to construct
visualizations that are later used either as visual aids in lectures, e.g., [6], or as the
basis for interactive labs, e.g., [3]. More recently, computer science educators have
advocated using AV software as the basis for  “visualization assignments,” in which
students construct their own visualizations of the algorithms under study [5].

Inspired by social constructivist learning theory [7], we have explored a teaching
approach that takes “visualization assignments” one step further by having students
present their own visualizations to their instructor and peers for feedback and
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discussion [8]. To better understand this approach, we conducted a series of
ethnographic studies in a junior-level algorithms course that included such
assignments. Our findings have led us not only to endorse this teaching approach as
an effective way of getting students involved in and excited about algorithms, but also
to advocate a fundamental redesign of traditional AV software so that it better
supports this teaching approach.

In this paper, we use the findings of our ethnographic studies to motivate the need
for a new breed of AV technology that supports the construction and presentation of
low fidelity visualizations, which are capable of illustrating a target algorithm for a
few, carefully chosen input data sets, and which have an unpolished, sketched
appearance. Drawing on the findings of our ethnographic studies and prior empirical
studies, we then derive a set of specific requirements for low fidelity AV technology.

To demonstrate what low fidelity AV technology might look like, we next present
SALSA, an interpreted, high-level language for constructing low fidelity AVs, along
with ALVIS, an interactive, direct manipulation environment for programming in
SALSA.  In manifesting the design implications of our empirical research, SALSA
and ALVIS pioneer a novel spatial approach to algorithm visualization construction,
as well as a novel visualization presentation interface that supports reverse execution,
and dynamic mark-up and modification. We conclude by presenting a taxonomy that
places SALSA and ALVIS into the context of past work, and by describing some
directions for future research.

2   Motivation

The redesign of AV software advocated in this paper was motivated by a pair of
ethnographic field studies we conducted in consecutive offerings of a junior-level
algorithms course at the University of Oregon ([8], ch. 4).  For an assignment in these
courses, students were required to construct their own visualizations of one of the
divide-and-conquer, greedy, dynamic programming, or graph algorithms they had
studied, and then to present their visualizations to their classmates and instructor
during specially-scheduled presentation sessions. To study the use of AV technology
in these courses, we employed a variety of ethnographic field techniques, including
participant observation, semi-structured interviews, videotape analysis, and artifact
analysis.

2.1   Ethnographic Study I: High Fidelity

In the first of our ethnographic studies, students used the Samba algorithm animation
package [5] to construct high fidelity visualizations that (a) were capable of
illustrating the algorithm for arbitrary input,  and (b) tended to have the polished
appearance and precision of textbook figures, owing to the fact that they were
generated as a byproduct of algorithm execution. To construct such visualizations
with Samba, students began by implementing their target algorithms in C++. Next,
they  annotated the algorithms with procedure calls that, when invoked, generated and
updated their visualizations using Samba routines. Finally, they engaged in an
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iterative process of refining and debugging their visualizations. This process involved
compiling and executing their algorithms, noting any problems in the resulting
visualization, and modifying their C++ code to fix the problems.

In this first study, three key findings are noteworthy. First, students spent over 33
hours on average constructing and refining a single visualization. They spent most of
that time steeped in low-level graphics programming—for example, laying out
graphics objects in terms of Cartesian coordinates, and writing general-purpose
graphics routines. Second, in students’ subsequent presentations, their visualizations
tended to stimulate discussions about implementation details—for example, how a
particular aspect of a visualization was implemented. Third, in response to questions
and feedback from the audience, students often wanted to back up and re-present parts
of their visualizations, or to dynamically mark-up and modify them. However,
conventional AV software like Samba is not designed to support interactive
presentations in this way.

2.2   Ethnographic Study II: Low Fidelity

These observations led us to change the visualization assignments significantly for the
subsequent offering of the course.  In particular, students were required to use simple
art supplies (e.g., pens, paper, scissors, transparencies) to construct and present low
fidelity visualizations that (a) illustrated the target algorithm for just a few input data
sets, and (b) tended to have an unpolished, sketched appearance, owing to the fact that
they were generated by hand. (In prior work [9,10], we have called such low fidelity
visualizations storyboards.)

In this second study, three key findings stand out. First, students spent only about
six hours on average constructing and refining a single visualization storyboard. For
most of that time, students focused on understanding the target algorithm’s procedural
behavior, and how they might best communicate it through a visualization. Second,
rather than stimulating discussions about implementation details, their storyboards
tended to mediate discussions about the underlying algorithm, and about how the
visualizations might bring out its behavior more clearly.  Third, students could readily
go back and re-present sections of their visualizations, as well as mark-up and
dynamically modify them, in response to audience questions and feedback. As a
result, presentations tended to engage the audience more actively in interactive
discussions.

2.3   Discussion: From High to Low Fidelity

Our study findings furnish three compelling reasons why constructing and presenting
low fidelity visualizations constitutes a more productive learning experience in an
undergraduate algorithms course than constructing and presenting high fidelity
visualizations. First, low fidelity visualizations not only take far less time to construct,
but also keep students more focused on topics relevant to an undergraduate algorithms
course. Second, in student presentations, low fidelity visualizations stimulate more
relevant discussions that focus on algorithms, rather than on implementation details.
Finally, low fidelity visualizations are superior in interactive presentations, since they
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can be backed up and replayed at any point, and even marked-up and modified on the
spot, thus enabling presenters to respond more dynamically to their audience.

3   Deriving Design Requirements

The findings reported in the previous section motivate the development of a new
breed of AV technology that supports the construction and presentation of low fidelity
visualizations. Pertinent observations from our ethnographic studies, as well as from
our prior detailed studies of how students construct algorithm visualizations out of
simple art supplies [9, 10], provide a solid empirical foundation for design.

In our ethnographic fieldwork, we gathered 40 low fidelity storyboards that were
constructed using conventional art supplies, including transparencies, pens, and paper.
The following generalizations can be made regarding their content:
� The storyboards consisted of groups of movable, objects of arbitrary shape (but

most often boxes, circles, and lines) containing sketched graphics; regions of the
storyboard, and locations in the storyboard, were also significant.

� Objects in storyboards were frequently arranged according to one of three general
layout disciplines:  grids, trees, and graphs.

� The most common kind of animation was simple movement from one point to
another; pointing (with fingers) and highlighting (circling or changing color)
were also common.  Occasionally, multiple objects were animated concurrently.

These observations motivate our first design requirement:

R1: Users must be able to create, systematically lay out, and
animate simple objects containing sketched graphics.

With respect to the process of visualization construction, we made the following
observations in our previous studies of how humans construct “low fidelity”
visualizations out of art supplies [9, 10]:

� Storyboard designers create objects by simply cutting them out and/or
sketching them, and placing them on the page.

� Storyboard designers never size, place or move objects according to
Cartesian coordinates.  Rather, objects are invariably sized and placed
relative to other objects that have already been placed in a storyboard.

These observations motivate our second and third design requirements:

R2: Users must be able to construct storyboard objects by
cutting and sketching; they must be able to position objects
by direct placement.

R3: Users must be able to create storyboards using spatial
relations, not Cartesian coordinates.
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Finally, with respect to the process of visualization execution and presentation,
observations made both in our ethnographic studies, and in our prior empirical studies
[9, 10], suggest the following:

Rather than referring to program source code or pseudocode, storyboard presenters
tend to simulate their storyboards by paying close attention to, and hence maintaining,
important spatial relations among storyboard objects. For example, rather than
maintaining a numeric looping variable, storyboard designers might stop looping
when an arrow advances to the right of a row of boxes.
� Storyboard presenters provide verbal play-by-play narration as they run their

storyboards. In the process, they frequently point to storyboard objects, and
occasionally mark-up their storyboards with a pen.

� The audience often interrupts presentations with comments or questions.  To
clarify their comments and questions, they, too, point to and mark up the
storyboard.

� In response to audience comments and questions, presenters pause their
storyboards, or even fast-forward or rewind them to other points of interest.

� Audience suggestions often lead to on-the-spot modifications of the storyboard—
for example, changing a color scheme, adding a label, or altering a set of input
data.

These observations motivate the following two requirements, which round out our
list:

R4: The system must support an execution model based on
spatial, rather than algorithmic logic.

R5: The system must enable users to present their storyboards
interactively.  This entails an ability to execute storyboards
in both directions; to rewind and fast forward storyboards to
points of interest; and to point to, mark-up, and modify
storyboards as they are being presented.

4   Prototype Language and System

The requirements just outlined circumscribe the design space for a new breed of low
fidelity AV technology. To explore that design space, we have developed a prototype
language and system for creating and presenting low fidelity algorithm visualizations.

The foundation of our prototype is SALSA (Spatial Algorithmic Language for
StoryboArding), a high-level, interpreted language for programming low fidelity
storyboards. Whereas conventional high fidelity AV technology requires one to
program a visualization by specifying explicit mappings between an underlying
“driver” program and the visualization, SALSA enables one to specify low fidelity
visualizations that drive themselves; the notion of a “driver” algorithm is jettisoned
altogether.  In order to support visualizations that drive themselves, SALSA enables
the layout and logic of a visualization to be specified in terms of its spatiality—that is,
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in terms of the spatial relations (e.g., above, right-of, in) among objects in the
visualization.

The SALSA language is compact, containing just three data types and 12
commands. SALSA’s three data types model the core elements of the art supply
storyboards observed in the empirical studies discussed in the previous sections:
1. Cutout.  This is a computer version of a construction paper cutout.  It can be

thought of as a movable scrap of construction paper of arbitrary shape on which
graphics are sketched.

2. Position.  This data type represents an x,y location within a storyboard.
3. S-struct. A spatial structure (s-struct for short) is a closed spatial region in which a

set of cutouts can be systematically arranged according to a particular spatial
layout pattern.  The prototype implementation of SALSA supports just one s-
struct:  grids.

SALSA’s command set includes create, place, and delete commands for creating,
placing and deleting storyboard elements; an if-then-else statement for conditional
execution; while and for-each statements for iteration; and move, flash, resize, and do-
concurrent statements for animating cutouts.

The second key component of the prototype is ALVIS (ALgorithm VIsualization
Storyboarder), an interactive, direct manipulation front-end interface for
programming in SALSA. Figure 1 presents a snapshot of the ALVIS environment,
which consists of three main regions:
1. Script View (left). This view displays the SALSA script presently being explored;

the arrow on the left-hand side denotes the line at which the script is presently
halted—the “insertion point” for editing.

2. Storyboard View (upper right). This view displays the storyboard generated by
the currently-displayed script. The Storyboard View is always synchronized with
the Script View. In other words, it always reflects the execution of the SALSA
script up to the current insertion point marked by the arrow.

3. Created Objects Palette (lower right). This view contains an icon representing
each cutout, position, and grid that has been created thus far.

The ALVIS environment strives to make constructing a SALSA storyboard as easy as
constructing a homemade storyboard out of simple art supplies.  To do so, its
conceptual model is firmly rooted in the physical metaphor of “art supply” storyboard
construction. An important component of this metaphor is the concept of cutouts (or
patches; see [11]): scraps of virtual construction paper that may be cut out and drawn
on, just like real construction paper. In ALVIS, users create storyboards by using a
graphics editor (Figure 2a) to cut out and sketch cutouts, which they lay out in the
Storyboard View by direct manipulation. They then specify, either by direct
manipulation or by directly typing in SALSA commands, how the cutouts are to be
animated over time.

Likewise, ALVIS strives to make presenting a SALSA storyboard to an audience
as easy and flexible as presenting an “art supply” storyboard. To that end, ALVIS’s
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Fig. 1. A Snapshot of a session with ALVIS

(b) Execution control interface

(a) Cutout graphics editor

(c) Presentation interface

Fig. 2. Elements of the  ALVIS interactive environment

presentation interface supports four features that are taken for granted in “art supply”
presentations, but that are notably absent in conventional AV technology.  First, using
ALVIS’s execution interface (Figure 2b), a presenter may reverse the direction of
storyboard execution in response to audience questions and comments.  Second,
ALVIS provides a conspicuous “presentation pointer” (fourth tool from left in Figure
2c) with which the presenter and audience members may point to objects in the
storyboard as it is executing.  Third, ALVIS includes  a “mark up pen” (third tool
from left in Figure 2c) with which the presenter and audience members may
dynamically annotate the storyboard as it is executing.  Finally, presenters and
audience members may dynamically modify a storyboard as it is executing by simply
inserting SALSA commands at the current insertion point in the script.
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5   Example Use of the Language and System

Perhaps the best way to provide a feel for the features and functionality of SALSA
and ALVIS is through an illustrative example. In this section, we use SALSA and
ALVIS to create and present the “football” storyboard (see Fig. 3) of the bubble sort
algorithm we observed in prior empirical studies [9,10].

300 250 200 150

Referee

Goal

Fig. 3.  The Football Bubblesort storyboard

The “football” storyboard models the bubble sort algorithm in terms of a game of
American football.  Elements to be sorted are represented as football players whose
varying weights (written below each player) represent element magnitudes.  At the
beginning of the game, the players are lined up in a row.  The referee then tosses the
ball to the left-most player in the line, who becomes the ball carrier.  The object of the
game is to “score” by advancing the ball to the end of the line.  If the ball carrier is
heavier than the player next in line, then the ball carrier simply tackles the next player
in line, thereby switching places with him.  If, on the other hand, the ball carrier is
lighter than the player next in line, then the ball carrier is stopped in his tracks,
fumbling the ball to the next player in line.  This process of ball advancement
continues until the ball reaches the end of the unsorted line of players. Having found
his rightful place in the line of players, that last player with the ball tosses the ball
back to the referee.  A pass of the algorithm’s outer loop thus completes.  If, at this
point, there are still players out of order, the referee tosses the ball to the first player
in line, and another pass of the algorithm’s outer loop begins.

5.1   Creating the Storyboard Elements

We begin by creating the cutouts that appear in Figure 2:  four players, a football, a
referee, and a goal post. With respect to the football players, our strategy is to create
one  “prototype” player, and then to clone that player to create the other three players.
To create the prototype player, we select Cutout… from the Create menu, which
brings up the Create Cutout dialog box (see Figure 4a).  We name the cutout
“player1,” and use the Cutout Graphics Editor (Figure 2a) to create its graphics in the
file “player.cut”:  a square scrap of construction paper with a football player stick
figure sketched on it.  In addition, we set the data attribute to “300,” and decide to
accept all other default attributes. When the Create Cutout dialog box is dismissed,
ALVIS inserts the following SALSA create statement into the SALSA Script View:

create cutout player1 –graphic-rep “player.cut” –data “300”
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 (a) Create Cutout dialog box (b) Create Grid dialog box

Fig. 4. Dialog boxes for creating SALSA objects

In addition, the player1 cutout appears in the Created Objects Palette, and the
execution arrow (in the SALSA Script View) is advanced to the next line, indicating
that the create statement has been executed.

We now proceed to clone player1 three times.  For each cloning, we first select
the player1 icon in the Created Objects Palette, and then choose Clone… from the
Create menu.  This causes the Create Cutout dialog box to appear, with all attribute
settings matching those of player1. In each case, we change the name (to “player2”,
“player3”, and “player4”, respectively), and the data (to “250”, “200”, and “150”,
respectively), while leaving all other attributes alone. After dismissing the Create
Cutout dialog box each time, a new create statement appears in the script—for
example,

create cutout player2 as clone of player1 –data “250”

In addition, the new cutout appears in the Created Objects Palette, and the
execution arrow advances to the next line.  We proceed to create the football, referee
and goal post  in the same way.

5.2   Placing the Storyboard Elements

The next step is to place the cutouts in the storyboard.  In order to lay the players out
in a row, we use a grid s-struct, which we create by choosing Grid…from the Create
menu and then filling in the Create Grid dialog box (see Figure 4b).  We name the
grid a, and give it one row and four columns, with a cell height and width
corresponding to the height and width of player1. We accept all other default
attributes, and click on the “Create” button to create the grid.

We now place all of the objects we have created into the storyboard.  First, we drag
and drop the grid to an acceptable location in the middle of the storyboard; the
corresponding place statement appears in the script, with the execution arrow
advancing to the next line.  With the grid in place, it is straightforward to position the
players at the grid points:

place player1 at position 1 of a
place player2 at position 2 of a
place player3 at position 3 of a
place player4 at position 4 of a
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Finally, we drag and drop the referee to a reasonable place below the row of
football players; we drag and drop the football to the left center position of the
referee; and we drag and drop the goal to a position to the right of the line of football
players. Figure 1a shows the ALVIS environment after all place statements have
been executed.

5.3   Programming the Spatial Logic

We are now set to do the SALSA programming necessary to animate the storyboard.
ALVIS users may program much of this code through a combination of dialog box
fill-in and direct manipulation. However, in the presentation that follows, we will
focus on the SALSA code itself in order to demonstrate the expressiveness of the
language.

As each player reaches his rightful place in the line, we want to turn his outline
color to green.  Since we have set the outline color of the goal post (the right-most
cutout in the storyboard) to green, we know that when the outline color of the cutout
immediately to the right of the ball carrier is green, the ball carrier has reached the
end of the line, and we are done with a pass of bubble sort’s inner loop.  In SALSA,
we may formulate this as a while loop:

while outlinecolor of cutout right-of cutout touching
   football is-not green
     --do body of inner loop of bubblesort (see below)
endwhile

We know that we are done with all passes of the outer loop when all but the first
player in line has a green outline color. In SALSA, we may express this logic as
another while loop:

while outlinecolor of cutout at position 2 of a is-not green
--do body of outer loop of bubblesort (see below)

endwhile

Now we come to the trickiest part of the script:  the logic of the inner loop. We
want to successively compare the ball carrier to the player to his immediate right.  If
these two players are out of order, we want to swap them, with the ball carrier
maintaining the ball; otherwise, we want the ball carrier to fumble the ball to the
player to his immediate right.

The following SALSA code makes the comparison, either fumbling or swapping,
depending on the outcome:

if data of cutout touching football > data of cutout right-of
                      cutout touching football --swap players
  assign p1 to position in a of cutout touching football
  assign p2 to position in a of cutout right-of cutout
    touching football
  doconcurrent
    move cutout touching football to p2
    move cutout right-of cutout touching football to p1
    move football right cellwidth of a
  enddoconcurrent
else --fumble ball to next player in line
  move football right cellwidth of a
endif

All that remains is to piece together the outer loop. At the beginning of the outer
loop, we want to toss the ball to the first player in line. We then want to proceed with
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the inner loop, at the end of which we first set the outline of the player with the ball to
green (signifying that he has reached his rightful place), and then toss the ball back to
the referee.  Thus, the outer loop appears as follows:

move football to left-center of cutout at position 1 of a
--inner while loop (see above) goes here
set outlinecolor of cutout touching football to green
move football to top-center of referee

5.4   Presenting the Storyboard

Using ALVIS’s presentation interface, we may now present our “football” storyboard
to an audience for feedback and discussion. Since nothing interesting occurs in the
script until after the Storyboard View is populated, we elect to execute the script to the
first line past the last place command by positioning the cursor on that line and
choosing “Run to Cursor” from the Present menu.  The first time through the
algorithm’s outer loop, we walk through the script slowly, using the “Presentation
Pointer” tool to point at the storyboard as we explain the algorithm’s logic.  Before
the two players are swapped, we use the “Markup Pen” tool to circle the two elements
that are about to be swapped.

Now suppose an audience member wonders whether it might be useful to flash the
players as they are being compared.  Thanks to ALVIS’s flexible animation interface
and dynamic modification abilities, we are able to test out this idea on the spot.  As
we attempt to edit code, which lies within the script’s inner while loop, ALVIS
recognizes that a change at this point will necessitate a re-parsing of that entire loop.
As a result, ALVIS backs up the script to the point just before the loop begins. At that
point, we insert the following four lines of code:

doconcurrent --flash players to be compared
  flash cutout touching football for 1 sec
  flash cutout right-of cutout touching football for 1 sec
enddoconcurrent

We can now proceed with our presentation without having to recompile the script,
and without even having to start  the script over from the beginning.

6   Related Work

Beginning with Brown’s BALSA system [1], a legacy of interactive AV systems have
been developed to help teach and learn algorithms, e.g., [2-5]. SALSA and ALVIS
differ from these systems in two fundamental ways.

First, the visualization construction technique pioneered by ALVIS and SALSA
differs from those supported by existing systems. To place ALVIS and SALSA into
perspective, Figure 5 presents a taxonomy of AV construction techniques. These may
be divided into three main categories:
1. Algorithmic.  Algorithmic construction involves the specification of mappings

between an underlying (implemented) algorithm, and a visualization. Most
existing AV systems support one of the four algorithmic techniques (see [12] for
a review): predefined, annotative declarative or manipulative.
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Fig. 5.  A taxonomy of AV construction techniques

2. Spatial.  In stark contrast to algorithmic techniques, spatial techniques completely
abandon the use of an underlying “driver” algorithm that generates a visualization
as a byproduct of its execution.  Instead, spatial techniques specify a visualization
in terms of the spatiality of the visualization itself.  The SALSA language
pioneers a procedural approach to spatial construction, while ALVIS supports a
manipulative approach by enabling many components of SALSA programs to be
programmed by direct-manipulation. In a similar vein, Michail’s Opsis  [13]
supports a  state-based  visual programming approach in which binary tree
algorithms are constructed by manipulating of abstract visual representations,
while Brown and Vander Zanden [14] describe a rule-based approach in which
users construct visualizations with graphical rewrite rules.

3. Manual. In manual AV construction, one abandons a formal underlying
execution model altogether.  Thus, there exists no chance of constructing AVs the
work for general input; AV execution is entirely under human control.  Manual
construction techniques include storyboarding [9] on which ALVIS and SALSA
are based; morphing [15], and drawing and animation editors—most notably,
Brown and Vander Zanden’s [14] specialized drawing editor with built-in
semantics for data structure diagrams.

The second key difference between SALSA and ALVIS and existing AV
technology lies in their support for visualization presentation.  Almost without
exception, existing AV technology has adopted Brown’s [1] animation playback
interface, which allows one to start and pause an animation, step through the
animation, and adjust animation speed. As we have seen, in order to support
interactive presentations, ALVIS’s animation control interface goes well beyond this
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interface by supporting reverse execution, and dynamic markup and modification.
Notably, in most existing AV systems, modifying an animation entails changing and
recompiling source code, which is seldom feasible within the scope of an interactive
presentation.

7   Summary and Future Work

In this paper, we have used the findings of ethnographic studies of an undergraduate
algorithms course to develop a key distinction between high and low fidelity
algorithm visualizations, and to motivate a shift from high fidelity to low fidelity AV
technology as the basis for assignments in which students construct and present their
own visualizations. Based on empirical studies of how students construct and present
low fidelity visualizations made from simple art supplies, we have derived a set of
requirements for low fidelity AV technology. To explore the design space
circumscribed by these requirements, we have presented SALSA and ALVIS, a
prototype language and system for constructing and presenting low fidelity
visualizations. SALSA and ALVIS introduce a novel spatial technique for
visualization creation, as well as a novel interface for presenting visualizations to an
audience.

Although they demonstrate the key features of low fidelity AV technology, SALSA
and ALVIS are clearly works in progress.  In future research, we would like to focus
our efforts in three key areas. First, prior to implementing SALSA, we conducted
paper-based studies of SALSA’s design with undergraduate algorithms students.  In
future research, we need to subject ALVIS to iterative usability testing in order to
verify and improve the usability of its design. Second, we originally designed ALVIS
with the intention of using it with a large electronic whiteboard (e.g., the
“SmartBoard,” http://www.smarttech.com), so that groups of students and instructors
could engage in collaborative algorithm design. In such a setting, ALVIS would need
to be used with some sort of stylus (pen) as its input device. In future research, we
would like to explore the potential for ALVIS to be used in this way. Finally, SALSA
and ALVIS are presently frail research prototypes; they were not implemented to be
robust systems suitable for use in the real world. Thus, an important direction for
future research is to improve both the completeness and the robustness SALSA and
ALVIS, so that they may ultimately be used as the basis for assignments in an actual
algorithms course. See http://lilt.ics.hawaii.edu/lilt/software/alvis/index.html for up-
to-date information on our progress.

Acknowledgments. This research was conducted as part of the first author’s
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second author’s inspiration and astute guidance on the project. SALSA and ALVIS
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Abstract.

Due to the rising importance of visualization for teaching purposes, several network protocol
visualization applications and applets are flowing on the Internet. So far, no taxonomy has been
developed to classify this rather broad material. In this paper, we propose a taxonomy of network
protocol visualization resources, to be used either by software visualization researchers to classify
their tools or by educators to easily determine if a particular visualization actually satisfies their
teaching needs. The taxonomy (which has been obtained by analyzing stand-alone applications and
applets available on the Internet) is mainly intended to integrate previously existing taxonomies of
algorithm visualization tools by mostly considering some characteristic features which are specific
of the considered subject of network protocols.

1 Introduction

Many scientific studies have pointed out that algorithm understanding can be significantly
improved if simulations and animations of various kinds assist the mental work [9,5,7].
In this context, network protocol visualization tools, as a particular kind of algorithm
visualization tools, should be used as a support to basic course materials in teaching
courses on computer networks, which usually cover the protocols and the software
architecture layers in a rather theoretic way. For this reason, several network protocol
visualization applications and applets are flowing on the Internet. However, everyone is
writing tools for his/her own needs and there is no effort to create a sort of repository that
would help people finding the best suitable animation for their needs. Such a repository
would be extremely useful for teaching purposes, since the educators would have a tool
by which they can choose, among different visualizations of the same protocol, the one
best suiting their needs.

As a first step towards creating a repository of network protocol visualization resour-
ces, in this paper we are going to define a tentative taxonomy that should help software
visualization researchers to classify their tools and educators to easily determine if a
particular visualization actually satisfies their teaching needs.

The proposed taxonomy (which has been obtained by analyzing stand-alone applica-
tions and applets available on the Internet) is mainly intended to integrate one of the most
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known taxonomy of software visualization tools, which was described by Price, Small
and Baecker [12]. Our new taxonomy intends to point out the characteristic features
which are specific of the considered subject of network protocols.

2 Key Concepts

The term protocol can be used in several contexts, and it usually refers to the entity
which defines the format and the order of messages exchanged between two or more
communicating elements, as well as the actions taken on the transmission and/or receipt
of a message or other event.

In particular, a computer network protocol provides a communication service that
higher-level objects (such as application processes) use to exchange messages. Each
protocol usually defines two different interfaces: the service interface to the other objects
that want to use its services (for example, the interface of the Transmission Control
Protocol, in short TCP, which is used by the File Transfer Protocol, in short FTP) and
the peer interface which defines the form and meaning of messages exchanged between
protocol peers to implement the communication service.

Messages are what application level protocols exchange in accomplishing their tasks:
messages can contain data or may perform a control function. Messages can be broken
into smaller sized units, called packets (further decomposable in smaller aggregates
called frames) which traverse communication links and packet switches (also known as
routers) to reach the destination.

A network topology specifies the set of computer elements (hosts and routers) belon-
ging to the network and the set of links they are connected by, which provide the means
to transport messages. A network topology can be visualized as a graph: for this reason
we will often refer to nodes meaning hosts or routers.

Each link can then be characterized by its bandwidth, which is the number of bits
that can be transmitted over the link in a certain period of time, and by its latency (or
delay), which corresponds to how long it takes a single bit to propagate from one end of
the connection to the other.

The network state (or network configuration) is characterized by the actual values of
the variables of each process involved in the protocol under execution and by the identity
of the messages in transit along the connections.

We have recalled here the basic concept underlying the computer network subject,
which is sufficient to understand the main features that a network protocol visualization
tool should deal with. Anyway, we refer the interested reader to one of the several
textbooks currently available (see, for example, [8,11,13]).

3 Characteristic Features

In general terms, a network protocol visualization tool is a software that simulates the
behavior of a protocol running over a network by means of a graphical representation. A
network protocol visualization tool is somehow different from a network visualization
tool: the latter is mainly concerned with the graphical representation of the topology of
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a network (see, for example, Otter [6]), while the former is developed to assure (or it
tries to assure) a good visualization of how protocols behave on a network.

Network protocol visualizers can be seen as a special kind of algorithm visualization
tools which focus over networks, messages and connections. The specific subject they
illustrate obviously influences their characteristic features: as a consequence, network
protocol visualizers should be analyzed according to a new taxonomy, which would
extend existing taxonomies of software visualization tools.

In this paper we start from one of the most complete taxonomies of software visua-
lization tools, which was introduced by Price, Small and Baecker [12], and we describe
a possible extension of this taxonomy that could be used to categorize network protocol
visualizers. This extension is intended to describe in a more detailed and suitable way
the characteristic features of a network protocol visualization resource.

In the next sections we present the new features that could be specifically observed
in a network protocol visualizer and we propose how to integrate them in the original
taxonomy.We then show how the extended taxonomy should be applied in the description
of various network protocol visualization resources, including applications and applets.

4 The Extended Taxonomy

In the following sections we present the criteria that we propose to use in order to define
our network protocol visualizers’ taxonomy.

The referred taxonomy described in [12] classifies software visualization systems
according to six main top level categories, each of which can be further organized in sub-
categories in a hierarchical structure. This organization lets the taxonomy be expandable,
in order to permit new criteria to be added to fit the description of visualization systems
of specific areas. Thanks to this opportunity, we can naturally add the peculiarities of
network protocol visualization tools without redesigning the entire tree.

The six top level mentioned categories are:

– Scope.
– Content.
– Form.
– Method.
– Interaction.
– Effectiveness.

The Scope criterion specifies the range of programs that the visualization system takes
as input for the visualization itself while the Content criterion describes what subset of
information about the software is visualized by the system that we are analyzing. The
Form category illustrates in detail what the characteristics of the output of the system are.
The Method criterion describes the style in which the visualizer specifies the visualization
and the way in which the actual visualization and the code are connected. The taxonomy
illustrates the Interaction of the user with the system and it describes its Effectiveness,
that is, how well the visualizer communicates information to the user.

According to this subdivision, we will insert our new criteria in order to extend the
taxonomy to fit the peculiar features of network protocol visualization tools: In the next
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subsections we are then going to describe each of these new criteria and to specify their
positions in within the above described taxonomy.
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Fig. 1. The extended taxonomy.

4.1 Abstraction Level

A computer network architecture can be defined by means of the seven layers described
in the OSI standard [15]: a network protocol implements a functionality assigned to
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a given layer. At each layer, the kind of data that are exchanged differs according to
contents and meaning: the physical layer, for example, handles the transmission of raw
bits, while the data link layer groups bits in a larger set called frame.

A visualizer can illustrate network protocols related to a particular layer. Hence, the
visualizations can be classified as highly abstract (if they deal with the application layer
data) or lowly abstract (if they deal with the physical layer data). This information is
conveyed in the Abstraction Level property (see Fig. 1). In the original taxonomy, the
sub-category Applications of the Scope criterion defined the restrictions on the kinds of
user programs that can be visualized, and its further sub-category Specialty specified the
kinds of programs the system is particularly good at visualizing. In our case, the Spe-
cialty feature will indicate network protocols in general, or the particular protocol being
visualized (if the system being analyzed is addressed to a specific network protocol).
The new sub-category Abstraction Level of the Applications sub-category will further
indicate the layer level that the visualization tool can visualize.

4.2 Data Introspection

Network protocol visualization tools should be applied to network topologies of every
reasonable dimension (starting from networks with only two nodes). As the topology
increases its number of components, the visualization should accordingly become more
simplified in order to let it be still comprehensible: hence, each node and each link should
be visualized in the most compact way.

To handle big topologies, a network protocol visualization tool should give users a
level of introspection to browse the contents of messages, nodes and links.

To this aim, we extend the top level category Content by adding a new sub-category
(see Fig. 1) which we call Data Introspection and which describes the basic network
elements that the network protocol visualization tool can show. Since the level of intros-
pection can be specified either for program visualizations or for algorithm visualizations
(in our case, we should better say network protocol visualizations), we duplicate the new
sub-category to let it extend the Data feature of both kinds of visualization.

Messages. Most of the times, messages flowing in the network channels are represented
in rectangle shapes to simplify the global network view, since at any time a lot of different
messages can be present on the same link. Then, users can have a closer view of the
contents of each message actually circulating in the network by means of additional
information. The further information can be displayed in pop-up windows appearing
when users click on the message itself, or it can be visualized in special areas of the
main window.

Nodes. The same argument can be repeated for network nodes. Due to the big number
of properties that each node may have (i.e. name, address, state, and so on), most of the
visualizers follows the policy of showing them on demand.

Links. Another component that can hide information in order to simplify the protocol
visualization is the connection link. A visualizer should let users investigate the contents
of each edge of the network. Commonly, the additional information related to a link is
its identity, its bandwidth and its latency.
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4.3 Data Gathering Source

A network protocol tool, as a specialized visualization tool, can be classified according
to the data it gathers. The taxonomy [12] considers the time in which data are gathered,
i.e. at compile time, at run time or both. Network protocol visualizers, besides, need
a more detailed criterion, based on the source from which data can be retrieved, that
should be considered if data are gathered at run time. Thus, our extended taxonomy
inserts a new sub-category (see Fig. 1) to the element Data Gathering Time of the top
level category Content, that we call Data Gathering Source. As a matter of fact, the
specialized visualization tools we are interested in can be fed by two main sources: real
networks or files. The first feature is a peculiarity of tools such as network protocol
visualizers, which can actually be employed as simulators of real network traffic, that
is generated according to some protocol. Indeed, input files can be specified for every
kind of visualization tool, but they were not taken into account in the taxonomy we are
extending. Input files can be defined as trace files or as protocol files.A trace file generally
indicates an input file that is coded in a special format, which can be understood by the
visualization system and which represents the trace of the protocol execution. Instead,
a protocol file represent the implementation of the protocol to be visualized.

4.4 Help

Despite the user friendliness of the graphical interface of a visualization tool, its first use
is almost never immediate. Therefore, a characteristic feature that should be considered
in the definition of a taxonomy is the level of supported help that a visualization system
provide to users. Then, we propose to insert a new sub-category (that we will call Help)
in the top level category Form (see Fig. 1). This new element should be used to identify
two distinguishing features:

– Tool help: Some tools have documentation on their usage and on the functionalities
they provide. If the visualization system is used as a supporting aid by teachers, the
classification should also cover the possible integration with course materials, that
could be useful to evaluate its effective use. Besides, this category should indicate
if the tool is still supported by its authors, in order to be confident of a further help.
In particular, in classifying a network protocol visualizer, the help documentation
should describe also how to load and to execute a network protocol visualization,
how to interact with it, how to choose, if possible, the protocol to be visualized, and
so on.

– Protocol help: Since a visualization tool can be used to display many different
network protocols, some authors provide the tool with descriptions on how to run
a specific protocol, on the node and link properties that can be visualized (such as
the number of messages to be sent, the number of messages to be received, the level
of priority) and their meanings. Sometimes the visualizer’s help supports even the
protocol description. Due to the nature of network protocols, two main kinds of help
description can be visualized:

• Natural language description: This is the kind of protocol description often
presented in textbooks by means of a natural language (i.e. English).
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• Pseudo-code description: This is a more formal way of describing a protocol
and it is less commonly used.

4.5 Error Simulation

A characteristic feature of network protocol visualizations is the ability to deal with
errors. Since a visualization tool should actually describe how a protocol works and
since messages flowing in a network are subject to transmission errors or noise, a good
visualization tool should consider this situation. To this aim, we propose to extend the
taxonomy [12] including the sub-category Error Simulation to the top level category
Interaction (see Fig. 1).

The Error Simulation feature can be implemented in two different ways:

– Sending an error message: In this way users can trigger off an error message
whenever they like, just selecting the node that will generate and send the error
message.

– Setting an error probability: In this way users can set the error probability as-
sociated to a channel (corrupting all messages circulating on that particular link)
or to a node (corrupting all messages sent by that node). Users have no power in
determining when the error will be issued (unless they set the probability to 1): In
this case, the visualization gets very close to a real situation.

5 Network Protocol Visualization Tools

To illustrate our extended taxonomy we will refer to several network protocol visua-
lization tools, either general systems (applications) or specific systems (applets). The
choice of the analyzed resources has been driven mainly by the broad use of the tools and
by their educational application. We would have liked to study and report more tools,
but some of them were commercial products or they had restrictions on the supported
platforms, so that they could not be tested.

In Tables 1 to 7 we describe how we can classify each of the analyzed tools according
to the categories of our extended taxonomy. In the description of the reported values, for
each network protocol visualization tool we discuss the added criteria in more depth,
in order to best explain their actual application. For a more detailed description of the
original categories, we refer to the taxonomy [12].

5.1 NAM

The first tool we refer to is NAM (Network ANimator) [4]. NAM is a Tcl/TK based
animation tool for viewing network simulation traces and real world packet traces. NAM
began at the Lawrence Berkeley National Laboratory (LBNL) in Berkeley in 1990 and
it has evolved substantially over the past few years. The NAM development effort was
an ongoing collaboration with the VINT (Virtual InterNetwork Testbed) project [3];
currently, it is being developed at ISI (Information Sciences Institute), University of
Southern California, as part of the SAMAN and Conser projects.
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Abstraction Level. The abstraction level of NAM is strictly related to the particular
protocol that users want to visualize. NAM supports the visualization of protocols related
to many layers defined in the OSI standard, such as the physical, data link, transport and
application layers. The stop and wait algorithm, for example, displays the sending and
the receiving of packets: in this case, NAM is used to visualize the data layer.

Table 1. The Scope category.

 Scalability 
  Applications 

    Generality 
Hardware Operating  System Language 

Concurrency Specialty Abstraction Level 
Program Data Sets 

NAM System PC, Sun FreeBSD, Linux, 
Windows, SunOS, 
Solaris 

TclTk and 
C++ 

No Network 
protocols 

High/Low 
depending on the 
protocol 

Experienced 
large program 

Experienced  
large data 
sets 

APJ System Mac, PC, Sun supporting JVM JAVA and 
APJ library 

No Network 
protocols 

High/Low Experienced 
educational 
programs 

Experienced 
up to 20 
nodes 

CNET System SUN, PC Unix, Linux TclTk and C No Network 
protocols 

High/Low 
depending on the 
protocol 

For educational 
purposes 

For 
educational 
purposes 

Univ. 
Mumbai 

Applet supporting JVM supporting JVM Java No CSMA CD 
protocol 

Low Fixed Up to 15 
nodes 

SIT-IIT Applet supporting JVM supporting JVM Java No CSMA CD 
protocol 

Low Fixed Up to 4 nodes 

Univ. 
Berne 

Applet supporting JVM supporting JVM Java No CSMA CD 
protocol 

Low Fixed Fixed - 3 
nodes 

Polyt. 
Warsaw 

Applet supporting JVM supporting JVM Java No CSMA CD 
protocol 

Low Fixed Fixed - 3 
nodes 

 

Data Introspection. NAM provides a good level of data introspection, since it allows
users to see additional information just by clicking on each network component. Clicking
on a link generates a pop-up frame which shows the link identity, bandwidth and delay.
From here, users can choose between viewing a bandwidth utilization graph or viewing
a link loss graph of one directional link of the bidirectional link. Moreover, clicking on a
message produces a pop-up window which displays the size of the message, the message
identity and the time it was sent. Finally, the only additional information visualized when
clicking on a node is the node identity. In despite of this, it is possible to monitor a
protocol agent (that is, a node), a packet, or a connection link to observe all available
object-specific information. Monitors are associated to a particular component until they
are removed by the users or until the related object is destroyed. Setting a monitor on a
data packet labels the packet so that users can easily watch its flow through the network
and the queues.

Table 2. The Content category - part 1.

 
  

 Program/Algorithm 
Code/Instructions 

Control Flow 
Data 

Data Flow Data Introspection 
NAM Algorithm  Annotations Annotations and 

exchanged 
messages/packets 

Textual and 
graphical 

Messages/packets 
exchanged 

Links, messages, 
nodes 

APJ Both Variables/Pseudo-
code 

Highlighting 
pseudocode/Exchanged 
messages 

Textual and 
graphical 

Messages/packets 
exchanged 

Links, nodes 

CNET Algorithm Annotations and 
statistics 

Annotations and 
statistics and 
exchanged messages 

Textual and 
graphical 

Messages/packets 
exchanged and 
statistics 

Links, nodes 

Univ. 
Mumbai 

Algorithm No No Textual and 
graphical 

Frames sent and 
textual 

No 

SIT-IIT Algorithm No No Textual and 
graphical 

Frames sent and 
textual 

No 

Univ. 
Berne 

Algorithm No No Graphical Frames sent No 

Polyt. 
Warsaw 

Algorithm No No Textual and 
graphical 

Frames sent and 
textual 

No 
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Data Gathering Source. NAM visualizes trace files, which contain topology informa-
tion, such as node, link and packet traces. NAM was developed to visualize trace files
generated by the NS simulator [14], another tool produced by the VINT project. Indeed,
since the format of a trace file is of public domain, everyone can produce (automatically
or by hand) a correct trace file to feed NAM. Besides, NAM can visualize trace files
produced by the emulation functionality of NS, which can be introduced into a real live
network to get traffic information.

Table 3. The Content category - part 2.
   Fidelity and 

Completeness Invasiveness 
Data Gathering 
Time Temporal Control 

Mapping 
Visualization 
Generation Time 

Data Gathering 
Source 

NAM High No Run-time Dynamic-dynamic Post-mortem Trace file 
APJ High No Run-time Static-static Live Protocol file 
CNET High No Run-time Dynamic-dynamic Live Protocol file 
Univ. 
Mumbai 

High No Run-time Dynamic-dynamic Live User input 

SIT-IIT High No Run-time Dynamic-dynamic Live User input 
Univ. 
Berne 

High No Run-time Dynamic-dynamic Live User input 

Polyt. 
Warsaw 

High No Run-time Dynamic-dynamic Live User input 

 

Help. NAM provides a tool help: From the visualizer’s main window menu bar, users
can select the help item and then they can view the help related to the use of NAM’s
functionalities, together with the version of NAM that they are using and a short history
of the tool, including the actual maintainers of the system. In spite of this, NAM does
not provide any kind of description of the protocol it is visualizing, neither a natural
language description nor a pseudo-code description. The only help visualized is the list
of events that are happening during the protocol execution, such as the starting of the
protocol, the messages being sent and the ending of the protocol.

Table 4. The Form category.
Presentation Style   

 
 Medium 

Graphical 
Vocabulary Colour Dimensions 

Animation Sound 
Granularity 

Elision 
Multiple 
Views 

Program 
Synchr. 

 Help 

NAM Workstation Line, circle, 
box 

Yes 2D Yes No Zoom, node, 
messages, 
link 

Yes Yes Yes Tool help. No 
protocol help. 

APJ Workstation Line, box Yes 2D No No Node, link Yes Yes No Protocol help. 
CNET Workstation Image, line Yes 2D Yes No Node, link Yes Yes No Some tool 

documentation 
Univ. 
Mumbai 

Workstation Line, box Yes 2D Yes No No No No No Tool help, 
protocol doc., 
applet design 

SIT-IIT Workstation Line, box Yes 2D Yes No No No No No Tool help, 
protocol doc. 

Univ. 
Berne 

Workstation Line, box Yes 2D Yes No No No No No No 

Polyt. 
Warsaw 

Workstation Line, box Yes 2D Yes No No No No No Few tool help 

 

Error Simulation. Unfortunately, NAM simulates the occurring of message losses only
in case the simulation trace file, given as input to the visualization tool, simulates the
presence of errors. NAM itself does not let users set any error probability nor explicitly
generate an error message.
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Table 5. The Method category.

  
 

 Visualization 
Specification 
Style 

Intelligence Tailorability 
Customization 
Language 

Connection  
Technique Code 

Ingnorance 
Allowance 

System 
Code 
Coupling 

NAM Trace file  Low Zooming, 
editing 

Interactive Read file Low: 
produce a 
trace file 

Low 

APJ Hand coding 
and use of 
library 

Low Editing Interactive Invasive Low:  use 
APJ library 

High 

CNET Hand coding 
and use of 
library 

Medium Links’ and 
nodes’ 
attributes 

Interactive Invasive Low High 

Univ. 
Mumbai 

Hand coding Low Editing Interactive Invasive High High 

SIT-IIT Hand coding Low Editing Interactive Invasive High High 
Univ. 
Berne 

Hand coding Low Set frame 
size 

Interactive Invasive High High 

Polyt. 
Warsaw 

Hand coding Low Set 
parameter 
values 

Interactive Invasive High High 

 

Table 6. The Interaction category.

 
Temporal Control 

 Style Navigation 
Elision 
Control Direction Speed 

Scripting 
Facilities 

Error 
Simulation 

NAM Menus, hot 
areas, 
buttons 

Yes Yes Yes Yes (length 
of a step) 

Save layout No 

APJ Menus Yes Yes Yes Yes Save layout Yes 
CNET Hot areas, 

buttons 
Yes Yes No Yes Add 

annotations, 
save 
topology 

Yes 

Univ. 
Mumbai 

Buttons No No No No No No 

SIT-IIT Buttons No No No No No No 
Univ. 
Berne 

Graphical No No No No No No 

Polyt. 
Warsaw 

Buttons No No No No No No 

 

5.2 APJ

The second network protocol visualizer we refer to is APJ, which has been developed
in Java at the University of Florence [2]. APJ allows the user to visualize pre-compiled
network protocols, which have to be written using a library of functions provided with
the tool. APJ has been used as a teaching aid in a network class in the Computer Science
program at the University of Florence.

Abstraction Level. APJ’s abstraction level depends on the particular protocol being
visualized. APJ provides a library to deal with messages. The abstraction level should be
categorized as high level. In spite of that, messages are only displayed in textual mode
and they have information just about their content. As a consequence, they could be used
to describe a low layer protocol.
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Table 7. The Effectiveness category.

 Purpose Appropriateness 
& Clarity 

Empirical 
Evaluation 

Production 
Use 

NAM Education  + 
Research 

Subjective Some Since 1990 

APJ Education Subjective Not found Since 1999 
CNET Undergraduate 

Education 
Subjective Not found Since 1991 

Univ. 
Mumbai 

Final course 
project 

Few Not found 1998-99 

SIT-IIT Edu. project Subjective Not found Jan. 2001 
Univ. 
Berne 

Education Few Not found 1998 

Polyt. 
Warsaw 

Education Subjective Not found Not found 

 

Data Introspection. APJ is a network protocol visualization tool which allow users to
have a more detailed view of the links and nodes displayed in the main window. Each
network node can be further inspected by means of a new window that displays the
values of variables used for its implementation, the state of its input channels and the
pseudo-code of its last executed action. To have a more precise view of the contents
of a connection link, the user should control the input channel panels contained in the
window of the two nodes connected by the desired link.

Data Gathering Source. APJ retrieves the information to be visualized by loading a file.
The identity of the file can be of two kinds: it can be the Java compiled file implementing
the network protocol that the user wants to visualize, or it can be a file in a special format.
The second kind of file specifies the Java class file containing the protocol implementation
and it specifies some additional information about the protocol visualization (i.e. error
probability, speed, pseudo-code file).

Help. APJ provides help at the protocol level. If the programmer has previously specified
the pseudo-code which describes the protocol being visualized, the tool can show in
textual mode the actions taken by the nodes of the network during the execution of the
protocol. The lower part of the main window (and the optional window associated to
each node) is dedicated to this purpose.

Error Simulation. APJ provides a good level of error simulation. To this aim, the tool
allows the user to set the error probability associated to each channel of the network, that
is, the probability according to which a message flowing in a link can be transformed
into an error message. To set the error probability, users should select a menu item,
thus getting a dialog window which allows them to choose a connection link and to set
its error probability. The error probability associated to a link can be modified at any
time during the execution of the protocol and the occurrence of an error is visualized by
coloring in red the channel containing the message that has been converted to an error.

5.3 CNET

The third network protocol visualization tool which we are going to analyze is
CNET [10]: a network simulator which enables experimentation with data link, net-
work (routing), transport and session layer protocols. CNET has been developed at the
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University of Western Australia since 1991 and it is nowadays maintained by its author.
CNET has been used as a supporting tool in teaching network undergraduate classes in
many institutions ever since.

Abstraction Level. CNET allows the user to visualize both physical and application
layer protocols. To this aim the tool shows either messages or frames, which have been
sent and received by each host.

Data Introspection. CNET allows the user to investigate the contents of nodes and links,
just by clicking at the graphical elements of the network which are represented in the main
window. The first time the user clicks on a node, CNET displays a new window which
describes the node characteristics and which is organized in three panels. The upper part
lets the user set three message properties (that are its rate, its minimum and its maximum
size) and the central panel shows the number of messages and bytes which have been
generated, correctly received and wrongly received and the corresponding bandwidths.
The lower panel of the window displays a sequence of textual messages describing the
actions taken by the node. A new window appears even if the user clicks on a link. Since
links are bidirectional, clicking on an extreme of the link activates the window related to
the link starting from the nearest node. Each window shows the number of frames and
bytes which have been transmitted and received so far, their bandwidth and the number
of errors that have been introduced. The lower panel of the window lets the user set some
sort of weight: that is, the link’s costs per byte and per frame and the probability of frame
corruption and of frame loss. To homogeneously set the characteristic features of all the
nodes and links of the network, the user can display the default node attributes and the
default link attributes windows, which are identical to the ones just described. CNET
does not provide facilities to access the identity of messages or frames circulating in the
network, although it displays in the main window the percentage of messages delivered
correctly.

Data Gathering Source. CNET visualizes network protocols that the user has to specify
in the command line. CNET retrieves information about the protocol to show from a
special format file, which specifies the topology of the network and the file containing
the actual implementation of the protocol.

Help. CNET does not offer a good level of help. It does not describe neither a tool help
nor the protocol being visualized. Although, the full distribution that can be downloaded
from the CNET official web site [1] includes some documentation about the tool’s
functionalities and the library it provides.

Error Simulation. CNET provides a good level of error simulation. The user can set the
probability that a frame on a link will be corrupted and the probability that it will be lost
altogether. To set these values, the user can set every link at a time or he can set default
values that will be common to all the links in the network.
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5.4 Applets

In this section we are going to categorize, according to our new taxonomy, some applets
that we found on the web and that we have collected in the repository of network protocol
visualization tools that we are constructing
(see http://www.dsi.unifi.it/∼innocent/repository/). The analyzed applets have been
grouped so that each group lists various implementations of the same network pro-
tocol. In this way we can have a global view of which features have been focussed by
each applet and then we can decide which of the presented applets could better fit our
requirements.

In the following, we will describe in detail four Java applets that implement the
CSMA CD protocol. Furthermore, as previously done for the network protocol visua-
lization systems we have described, we illustrate how the new criteria of our specialized
taxonomy fit into the classification of each applet.

CSMA CD protocol. CSMA CD is an acronym for Carrier Sense Multiple Access with
Collision Detect and it is the protocol used for carrier transmission access in Ethernet
networks, in which a set of nodes send and receive frames over a shared link. The
carrier sense means that all the nodes can distinguish between an idle and a busy link,
and collision detect means that a node listens as it transmits and can therefore detect
when a frame it is transmitting has interfered (i.e. collided) with a frame transmitted by
another node. If a collision occurs, each device then waits a random amount of time and
retries until it successfully gets its transmission sent.

University of Mumbai. This CSMA CD applet was realized by a team of three students
of the Department of Computer Engineering, Thadomal Shahani Engineering College,
University of Mumbai, India, in 1998-99. The applet was part of a report for a project
entitled "Tools for Network and Protocol Simulation", submitted in partial requirement
for the degree of Bachelor of Engineering (B.E.). The project team members were:Aditya
Tuli, Arun Narayanan, Kaushal Vaidya and Vineet Verma.

– Abstraction Level: the protocol deals with frames of data, belonging to the data link
layer of the OSI standard, which is one of the lowest layers. Thus, the abstraction
level of the applet is low.

– Data Introspection: the applet does not provide any level of data introspection.
– Data Gathering Source: the user has to specify either the network topology (adding

nodes), either the frames of data to be sent or the rate of data transmission. Thus,
the applet retrieves data information directly from the user input.

– Help: the user can view the help on using the applet by clicking on the Help button.
The authors provide also some documentation on the implemented protocol and on
the applet design.

– Error Simulation: the applet does not allow to simulate the occurring of errors.

SIT - IIT. This CSMA CD applet was developed as part of the xNet Project at the
School of Information Technology, Indian Institute of Technology, Bombay, India. The
main goal of the xNet Project is to develop web-based tools for eXplaining Networking
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concepts and technologies, thereby enabling self-learning and distance education. The
project is coordinated by Sridhar Iyer. The authors of this applet were the students: B.
Anuradha, C. Manoj Kumar and T. Chitti Babu.

– Abstraction Level: due to the CSMA CD protocol, the abstraction level of the applet
is low.

– Data Introspection: the applet does not provide any level of data introspection.
– Data Gathering Source: as in the previous applet, the user has to specify the network

topology (adding nodes). Besides, the user may define the frame size to be used.
Then, the applet retrieves data information from the user input.

– Help: the applet provides a very summarized tool help and some documentation on
the CSMA CD protocol.

– Error Simulation: the applet does not consider the opportunity to simulate the oc-
curring of errors.

University of Berne. This CSMA CD applet was developed as a student project for the
computer network course held by Torsten Braun at the Institute of Computer Science
and Applied Mathematics, University of Berne, Switzerland, in 1998. The authors of
this applet were: L. Ammon and C. Neuhaus.

– Abstraction Level: due to the nature of the visualized protocol, the abstraction level
of the applet is low.

– Data Introspection: the applet does not provide any level of data introspection.
– Data Gathering Source: the applet defines a fixed topology made of three nodes.

The user has to click on each node to let it generate data frames. The user may set
the size of the data frames.

– Help: the authors did not provide any kind of help documentation.
– Error Simulation: the applet does not provide any facility to simulate the occurring

of errors.

Polytechnic of Warsaw. This CSMA CD applet was found as part of the course material
of the Telecommunication course held by Krzysztof M. Brzezinski at the Institute of
Telecommunications of the Polytechnic of Warsaw, Poland.

– Abstraction Level: as in the previous analyzed applets, the abstraction level of the
CSMA CD visualization is low.

– Data Introspection: the applet does not provide any level of data introspection.
– Data Gathering Source: the applet defines a fixed topology made of three nodes.

The user has to click on each node to let it start sending data frames. The user may
set parameter values such as the bus length, the frame size and the transmission rate.

– Help: the author provided a very summarized help documentation.
– Error Simulation: the applet does not provide any facility to simulate the occurring

of errors.
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6 Conclusions and Future Research

In this paper we have proposed some criteria which can be used in order to create a
taxonomy of network protocol visualization resources. The criteria are mainly intended
to integrate previously existing taxonomies of algorithm visualization tools by mostly
considering some characteristic features which are specific of the considered subject of
network protocols.

The next step of our research will be to apply the proposed criteria in order to create
a Web-based repository of network protocol visualization resources. For the moment,
the repository is at an early stage and it contains only a little part of the available
tools. This repository is intended to be used either by software visualization researchers
to classify their tools or by educators to easily determine if a particular visualization
actually satisfies their teaching needs.
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Abstract.

Visualization of an algorithm offers only a rough picture of operations. Explanations
are crucial for deeper understanding, because they help the viewer to associate the
visualization with the factual meaning of each detail. We present a framework based
on path testing for associating instructive explanations and assignments with a con-
structive self-study visualization of an algorithm. The algorithm is divided into blocks,
and a description is given for each block. The system contains a separate window for
code, flowchart, animation, explanations, and control. Assignments are based on the
flowchart and on the coverage conditions of path testing. Path testing is expected to
lead into more accurate evaluation of learning outcomes because it supports systematic
instruction in addition to more free trial-and-error heuristics. A qualitative analysis of
preliminary experiences with the prototype indicates that the approach helps a student
to reflect on her own reasoning about the algorithm. However, a prerequisite for an suc-
cessful learning process with the environment is a motivating introduction, describing
both the system and the main idea of the algorithm to be learned.

1 Introduction

A major challenge in Computer Science education is that of learning algorithmic
thinking and a related skill, namely programming. While an algorithm is on
a more abstract level than a program, they require a similar readiness from
a student: she has to be able to comprehend the core, idea, or essence of a
computational process, not just its step-by-step running-time behavior with a
given input.

Quite often, a hindrance of learning is due to reasoning in a narrow or con-
ventional way. A student concentrates on peripheral issues rather than strives
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her way into the nucleus of a new topic. In the case of programming, this might
lead into an entirely incorrect misconception of a program’s key idea.

Computer science educators have tried to solve the problem of learning an
algorithm by the help of various visualization tools [4,6,8,11,17]. From a pe-
dagogical perspective, one could divide them into two groups: the ones targeted
for instruction and the ones for construction. The first category covers envi-
ronments consisting of fancy ready-made animations with a possible teacher’s
voice explaining the algorithm. These animation packages fit well into a teacher-
directed learning context. In the second category we have tools, which can be
used by the learners themselves for designing their own visualizations; they work
for more open-ended learner-centered settings.

In a self-study situation, a student makes use of both instructive and con-
structive learning tools. To compensate the lack of a teacher, a tool has to mimic
a teacher by explaining an algorithm, if possible, on-the-fly. A crucial question
is how to provide a student with an environment where she can freely study an
algorithm and, at the same time, get instructive feedback on the essential stages
of it.

The efficiency of the visual learning tools, whether instructive or constructive,
is hard to assess. However, there seems to be a tentative resolution that at least
constructive tools help a learner to get a deeper insight into a given algorithm
or program. The problem is, however, that in most environments the effort of
building an animation takes at least the same time as learning the algorithm in
some other way.

Although a constructive animation environment may open the “black box” of
a program, its abstract contents might still remain hidden for the visitor. Indeed,
the learner will follow how the program runs on a given input, but that is usually
not definitely the whole truth. As an example, consider an implementation of
the bubble sort working on a sorted sequence.

In the process of understanding the essence of an algorithm or a piece of
code, it would, therefore, be attractive to develop technologies which do not
only take a learner as a visitor of a black box onto a single ride, corresponding
to a program run with one input. Instead, the environment should welcome her
as a season-card resident of the box, to get acquainted in the whole box, now
as a “glass box”. This means that the system should try to help the user to
take all the typical paths of the program. This setting is closely related to path
testing [2], a widely used software testing technique, where one considers various
coverage measures based on paths in the control flow graph of a program.

Naturally, path testing could be used in many ways, and also in conjunc-
tion with an instructive or a constructive visualization tool. Basically, a semi-
automatic guide could give hints on those paths which the student has not yet
discovered. This mechanism could be used within a code editor as well as a vi-
sualization tool. Obviously, the bottom-up approach to learning an algorithm by
different instances corresponding to different inputs raises questions. For exam-
ple, what happens if the learner only tries out peripheral or trivial cases, even in
a random way? To overcome these kinds of difficulties, a learning environment
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based on path testing should have instructive features. Especially, it should tu-
tor the student to cover all the paths, and after that, following the tradition of
Pólya [15], reason about the idea behind all these paths.

Different learners have various kinds of problems in understanding the cha-
racter of a given program. A promising idea behind the path testing is that each
learner can usually start with a path which is simple for her to understand, and
then proceed to more demanding paths. Reasoning about the meaning of paths
is probably an efficient way to transfer one’s understanding above the current
zone of proximal development [19]. This learning process can probably take place
also within a community of learners, whether physical or virtual.

Intuitively, the idea of path testing comes from tracing potential paths in
a flowchart representing a given program. This intuition might mislead one to
suspect that the tested paths have to be presented visually on a flowchart. This
is, however, not the case. In fact, the idea of path testing is independent of any
single visual representation but rather reflects the abstract idea of an algorithm
under study. Thus, it can be applied not only in various visualization tools, but
virtually in any program concretization environment.

Unlike current technology trends for learning which aim at producing mas-
sive but mostly static learning materials for virtual universities, the idea of path
testing is based on the need for tools which support learning of skills. Compa-
red to learning knowledge from Web-stored digital libraries, path testing takes
learners into an environment where they are supposed to learn and create new
ideas by actively identifying novel paths.

The rest of the paper has been organized as follows. We start with introducing
some basic concepts of path testing in Section 2. In Section 3 we sketch the
guidelines of the learning environment of a new kind for studying algorithms. In
Section 4 we describe a pilot environment we made to test our ideas in practice.
Before discussing ideas on future development in Section 6, we report results of
a qualitative evaluation of our prototype in Section 5.

2 Path Testing

Path testing [2,5] is a widely-used glass box testing technique, i.e. the source
code of a program to be tested is known. A test case corresponds to a certain
value combination of input variables. Each test case induces a path in the flow
graph of the program. One considers the paths corresponding to a set of test
cases under certain coverage conditions.

Test coverage analysis is the process of finding areas of a program not exer-
cised by a test set, i.e. a set of test cases. This involves creating additional
test cases to increase coverage and identifying redundant test cases that do not
increase coverage. The aim is a complete coverage with a test set of minimal
size.

There are several measures of test coverage. The most common ones are the
following:
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Statement coverage is satisfied, when every statement is executed at least
once with the test set.

Branch coverage is satisfied, when every edge of the flow graph of the program
is applied at least once with the test set.

Multiple condition coverage is satisfied, when every possible true/false com-
bination of Boolean sub-expressions of each Boolean expression occurs.

Path coverage is satisfied, when the test set contains a test case for every
possible control path in the flow graph of the program.

Clearly path coverage includes branch coverage which in turn satisfies state-
ment coverage. Multiple condition coverage is similar to branch coverage but has
better sensitivity to the control flow. However, multiple condition coverage does
not necessarily imply branch coverage and path coverage does not guarantee
multiple condition coverage in a general case.

Path coverage has the advantage of requiring very thorough testing. Because
the number of paths is exponential to the number of branches, full path coverage
is seldom useful. In practice weaker measures are used instead of the full path
coverage.

As said above, the aim of coverage analysis is to find a test set of minimal
size satisfying a certain coverage condition. Because of the difficulty of this opti-
mization problem, one must be satisfied with approximate solutions in practice.

Example. Let us consider a code fragment of two lines with two input variables
a and b:

if (a<4) or (b>5) then b:=b+1;
if b<2 then a:=a+7;

The following test sets of pairs (a, b) satisfy the coverage conditions presented
above:

Statement coverage: {(0, 0)}
Branch coverage: {(0, 0), (4, 2)}
Multiple condition coverage: {(0, 0), (3, 6), (4, 5), (4, 6)}
Path coverage: {(0, 0), (0, 1), (4, 1), (4, 2)}

Note that in this case, multiple condition coverage does not hold for the test set
satisfying path coverage and vice versa.

3 Guidelines of the Approach

Our aim is to present a new framework of self-study learning environments for
algorithms. Our approach framework is partially based on path testing. As a
prerequisite, the concepts of path testing should be presented in a self-explaining
way so that the learner need not know anything about path testing before using
an environment based on our framework.
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The algorithm is divided into blocks. A basic block [1] is a sequence of sta-
tements in which flow of control enters at the beginning and leaves at the end
without outgoing or incoming branching in the middle. In addition to the linear
division to basic blocks, it is beneficial to consider a hierarchical division and
apply stepwise refinement [18], because the hierarchy promotes learning of com-
plex algorithms. On the lowest level a block is approximately a basic block. On
the highest level there is only one block. Descriptive names could be associated
with the blocks.

We use the Boyer-Moore-Horspool (BMH) algorithm [7] for string matching
as an example algorithm in order to show how the idea of path testing supports
the learning process. String algorithms provide Computer Science educators with
a challenge. How to make students—even on an advanced level—understand
the distinctive idea of an algorithm which consists only of few lines? A block
hierarchy of BMH is given in Figure 1. Some of the blocks may be left without
refinement, like the initialization on the first four lines in Figure 1.

begin

   for a:=0 to c-1 do d[a]:=m;

   for j:=1 to m-1 do d[p[j]]:=m-j;

   x:=p[m];

   i:=m;

   while i=<n do begin

      q:=s[i];

      if q=x then begin

         j:=m-1;

         while p[j]=s[i-m+j] and j>0 do

            j:=j-1;

         if j=0 then

            write i-m+1 end;

      i:=i+d[q] end

end

Fig. 1. Block hierarchy of the BMH algorithm.

An explanation describing pre and post conditions and the meaning of ac-
tions is given for the blocks. Besides the block descriptions, a general review of
the algorithm and explanations of the meanings of the variables are also given.
The environment contains a separate window for code, flowchart, animation, ex-
planations, and control. The code window shows the code of the algorithm with
the active line highlighted.

The flowchart window is a novel feature. The user may get several views of
the execution. The first view shows a single path in the flowchart. Alternatively,
the history of execution is shown as a colored worm creeping along the flow
lines. The second view shows the activity of flow lines. Applied paths are shown
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such that the width of a line reflects the number of applications. Statement
coverage can be checked with this view. The third view is for examining multiple
condition coverage. Conditional branch nodes have a mark for every combination
of Boolean primaries, which are typically relational expressions. The color of a
mark indicates which combinations have occurred.

Fig. 2. Flow chart of the BMH algorithm.

The environment provides students with assignments in order to lead them
to a more profound understanding and at same time to monitor their learning.
Suitable assignments include:

– Give inputs for statement, branch, and multiple condition coverage.
– One of the blocks is left without explanation. Give an explanation.
– Explain how the algorithm proceeds in given situations.
– Some algorithm specific problems.

Because the assignments are prepared in advance, possible problems in the
coverage of test sets can be ruled out. The answers consisting of test sets are
fairly straightforward to check automatically.

There are several ways the environment can be used. In addition to giving
traditional classroom presentation, one can define a homework assignment. In
the case of the BMH algorithm, the student may be asked to define a pattern that
satisfies statement coverage. In this example it turns out that statement coverage
could be satisfied by only one pattern which occurs in the text. Generally this
type of question could be rephrased by asking the student to define a set of
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patterns that satisfies the given condition, i.e., the statement, branch, multiple
condition, or path coverage.

Also questions concerning some special features of the algorithm could be
asked. In the case of the BMH algorithm, we could ask for a pattern that causes
the algorithm “behave badly” (e.g. the algorithm examines each character of the
text).

The assignments are formulated in such a way that in many cases a solution
may be verified in the environment. After a student thinks that she has solved
the given problem, she can simulate the algorithm in the environment, which
provides immediate visual feedback of the correctness of the solution.

Questions dealing with explanations are open in the sense that there is not
just a single correct solution for them. Therefore it is not possible to provide
unique visual feedback about the correctness of a given answer. However, this
kind of questions are suitable for classroom discussions.

4 Prototype

We implemented a prototype environment to test our ideas in practice. The
prototype shows the current values of data structures in a discrete animation
of the BMH algorithm. The system has separate code, control and explanation
windows. The flowchart window was not implemented, but some of its functions
were incorporated with the code window. Instead of a hierarchical block view of
the algorithm, code lines are used as blocks.

We chose Matrix [10,12] for the application framework on top of which the
prototype was implemented. Matrix is a platform independent visualization and
simulation framework that provides extensive set of building blocks for visua-
lizing data structures and algorithms. Even though Matrix is not primarily in-
tended for code animation, but for concept animation and simulation of data
structures, it turned out to be suitable for fast prototyping of the new system.
The abstraction for visualizing string matching algorithms for this experiment
took about 20 hours to complete. Additional 20 hours were used to improve the
prototype based on the feedback gathered during testing. Thus, we expect that
the creation of similar visualizations for another algorithm will take significantly
less time, even if the author were not familiar with the framework. The abstrac-
tion for visualizing string matching algorithms has been included in the current
version of the Matrix package which is freely available at Matrix homepage [14].

The visualization consists of six separate elements (see a screen snapshot
in Figure 3) which are the animator components (buttons labeled Backward,
Forward, Begin, End, Play, Reset beginning here, and the slider bar), the ar-
ray Pattern P , the array Shift Table D, the two representations of the BMH
algorithm (the array representation labeled Text S and the code view repre-
sentation titled Boyer-Moore-Horspool Algorithm), and finally the optional text
window labeled “Description”. The user may freely alter the characters in arrays
P and S. Finally, when ready to execute the algorithm, she just drag & drops
the pattern array into the text array on the screen and the system invokes the
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Fig. 3. Screen snapshot of the prototype implementation.
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actual method implementing the BMH algorithm with the given parameters.
Now the visualization sequence appears in the animator and it could be exami-
ned through the animator interface. In addition, the execution of the algorithm
could be repeated as many times as required with different inputs P and S.

4.1 Creating Code Visualization

The execution of the algorithm causes the animator to store all the method
invocations during the execution in such a way that they could be revoked later
on. Thus, the changes to the data structures involved could be restored. This and
the issues dealing with data structure visualizations are taken care of the Matrix
framework and is not discussed here any further. However, the code visualization
is a new feature within Matrix, thus we examine that issue slightly closer.

The actual implementation of the target algorithm A should be written in
Java as the Matrix is written in Java. However, the code visualization does
not show this actual implementation to the user directly but an abstraction A′

of it. This abstraction could be written in any language or it could be some
kind of pseudo-code presentation or even a plain textual description. In order
to make the connection between these two representations of the algorithm, the
visualizer should annotate the actual algorithm A by “timestamping” the code
lines of the abstraction A′. We chose this post-mortem technique [16] rather
than live visualization because it allows the user to have complete control of the
animation (speed, direction, levels of abstractions shown, etc.).

The abstract algorithm A′ is defined by implementing the interface Code
that serves as our abstraction for code visualization. Code includes a set of Co-
deLines that is another abstraction for a single code line representation. The
actual algorithm should be annotated in such a way that the algorithm should
invoke CodeLine.stamp(int time) method for each CodeLine just before the ac-
tual operation is performed. This assigns a new timestamp for the corresponding
code line. Based on this information, Matrix is capable of visualizing the exe-
cution of the code as long as the implementation of Code can provide a clock
(method int getT ime()) that returns the “current time” at any point during the
animation.

In addition, the CodeLine interface has a method that could return additional
information about the state of the algorithm. Thus, the visualizer can provide a
description about the state of the algorithm, the purpose of a single code line,
questions concerning the algorithm, etc.

4.2 Examining of an Algorithm

To be able to examine the execution of an algorithm A stepwise, the algorithm
is first run without visualization. At this point all the lines visited are shown
with different color than those lines which were never executed. This was easy to
accomplish because those lines never executed still have the timestamp zero and
all the other lines have timestamp greater than zero. This approach demonstrates
how the statement coverage is illustrated.
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The six animator buttons and the slider bar allow the user to freely traverse
through the animation sequence. The five buttons at top of the animator are
self-explanatory. The sixth button “Reset beginning here” is used for adjusting
the beginning of the animation sequence at given position and thus helps the
user to, for example, mark and jump easily to the beginning of the last execution
of the algorithm at any time. Moreover, the slider bar could be used to jump
at any position in the animation sequence. This kind of interactive algorithm
animation helps the user to figure out, for example, why some portions of the
code were never executed.

As mentioned above, there are two representations for the BMH algorithm.
One illustrates only the text S and the other that includes the algorithm. Because
of the nature of Matrix, both of these conceptual views represent the very same
physical object that is an instance of the class implementing the string matching
abstraction. Thus, there exists only one implementation for the BMH algorithm
even though we have two simultaneous representations. Moreover, while the exe-
cution of the algorithm makes changes to the shared physical data structures,
both representations are updated synchronously. For example, in the upper ar-
ray representation of the text the changes are expressed by darkening the array
position i, if it is accessed at line 8 or 11 in the lower code representation.

In the code view the active line of execution is highlighted. Moreover, the
lines executed just before the active line are highlighted with lighter shades to
illustrate the progress of the program. In addition, an optional text box could
be attached to each code line describing the state of the algorithm. In our de-
monstration this feature is used for describing the pre and post conditions and
the meaning of actions for each code block as mentioned in Section 3.

5 Experiences

The prototype was tested with several CS major students, which did not have
any prior knowledge about the topic. The first two students gave feedback that
was used to improve the prototype before it was introduced to the third student.
The final version was fine-tuned based on this latter test case and evaluated by
some colleagues. This iterative and incremental design approach gave us the
chance to validate and fine-tune the prototype enough to make all the critical
design decisions. We discuss the final version shown in Figure 3 and also the
improvements made, because the testing process showed that lack of some minor
details could have dramatic influence on the learning curve.

The first and expected outcome was that it is not obvious that the students
use the system as we expect them to do. For example, the first student tried to
completely master the algorithm before starting to watch the visualized simula-
tion. This was somewhat bizarre because we believed that it is the simulation
that could be the philosopher’s stone to accomplish this task. However, the sta-
tic code frame is a natural starting point, and the first student spent quite a
long time simulating the algorithm in his mind, instead of using our system to
do the simulation process. Finally, after the first student managed to solve the
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assignment, he was asked to teach the algorithm to the second one. Even though,
the environment forced the first student to use the simulation to complete the
assignment, he did not use the simulation capabilities for demonstration pur-
poses while explaining the exercise to the second student. They even used pen
and pencil while they discussed the algorithm. Again, the simulation came into
the picture after the second student was sure enough of the correctness of his
solution and he had the courage to try to solve the assignment.

However, the fact that we should encourage the students to freely explore
the algorithm with the system was taken into account when the system was
introduced to the third student. A few minutes were spent to illustrate the
functionality before the student was let to try it on his own. This time the
student started to use the visual debugger at once. He also managed to clarify
for himself the logic of the algorithm just by running the algorithm once step
by step with the default input. However, also this time the interaction between
the user and the system increased during the session. The better he understood
the algorithm the more he used the interactive capabilities of the system. The
bottom line is that all of the students benefited most from the fact that the
system could verify their thinking process and this way give feedback of their
performance.

We also noticed that we must provide the student “the big picture” in order
to get the learning process started. This is even more important in the case
of interactive tools than in the case of traditional methods, because the user
cannot predict the amount of material she has to go through. For the time
being, our prototype does not include any overall description about the topic or
the algorithm, thus the first student really had to struggle before he got some
idea of how the algorithm works. Even though normally students are familiar
with the topics to be studied, we believe that the overall idea should be provided
in order to bring the context in students’ mind.

Much of the observed experiences can be interpreted by referring to the indi-
vidual differences in students’ learning styles. Some prefer text-based information
to visual one, others find holistic presentation a natural one compared to serial
presentation. Basically, a learning environment should adapt to these differences.
Adaptive mechanisms are usually rather hard to implement; however, simpler
ideas solve the problem at least partly.

For example, texts and other representations can be redundant to some ex-
tent. This is because interactive tools, much like regular education, do not repre-
sent the whole content at once, but reveal it piece by piece. Thus, for example,
the overall idea can be zoomed to highlight further details after the student has
discerned the big picture. To quote a Latin proverb, Repetitio mater studiorum
est.

We had an option to represent the actual algorithm in Java instead of an ab-
straction of it. However, representing only an abstraction allows more economic
illustrations and hiding of unnecessary details. This leads to better understan-
ding of the logic of an algorithm and reduce problems due to language-specific
issues. Moreover, the algorithm may be presented in any language, even in a
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pseudo language. Of course, this approach requires additional work because of
the mapping between the actual algorithm and the abstraction of it.

6 Future Perspectives

Since our path testing environment is at a stage of an early prototype, there are
many alternatives for further development.

First of all, the path testing idea is not at all restricted to our current im-
plementation. It could be incorporated, for example as a tutoring agent, into
existing visualization tools. For example Jeliot [3,6] could be expanded to allow
interruptions where a user could assign new values into variables. This way she
could study what happens at a loop’s end or similar steps of execution. This
kind of on-the-fly path testing helps a student to concentrate on the part of the
code which she is most interested in.

Path testing can also be used within other kinds of program concretization
tools. This is particularly relevant in learning environments targeted at younger
learners or K12 programs. For example a flow chart could be easily implemented
as a three-dimensional playground where a student could adventure along pi-
pelines. Also robotic learning environments for experimental programming, like
Lego/Logo [9] or Empirica Control [13], could get new flavor when a user had
to check all potential paths of a robot’s behavior.

Since path testing clearly emphasizes the semantics of the program, it could
also be applied to a visual proof of the program’s correctness. This way the
otherwise complicated concepts of semantics could be made more concrete and
learned along with introductory programming.

The idea of path testing gives new opportunities to establishing net-based
or local learning communities among Computer Science students. Students can
reason about their programs in teams, and they get a concrete common space
within the realm of a program. Also, exciting competitions can be arranged, like
which team is the first one to uncover the secret of a program.

The bottom-up approach of path testing is not only its restriction. Paths
discovered and experienced by different students, can serve as crucial steps for
a holistic view of the algorithm under study.

Finally, while the system can support the learner by pointing out multiple
paths of execution and adjusting the level of detail, it should probably be ex-
tended by a particular instructing tool. This tool could open up the interaction
by motivating the students to make use of system’s capabilities and the whole
path testing approach.
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Abstract.

Computer-generated visualizations have been used in computer science education for
many years, most notably in the form of algorithm animations. Although appealing
and often useful, the anecdotal evidence is that these visualizations are seldom used
in the classroom. There are many reasons for this, including platform dependence,
cumbersome installation and maintenance procedures, and—perhaps most influential—
a lack of integration with other course materials. Hypertextbooks provide one solution
to these problems. Designed as complete teaching and learning resources for the web,
hypertextbooks incorporate many features for teaching and learning that vastly extend
the capabilities of traditional textbooks. Along with traditional textual presentations
of the material to be learned, hypertextbooks allow for different learning paths through
the material for different learning needs, an abundance of pictures and illustrations,
video clips where helpful, audio, and—most importantly—interactive, active learning
visualizations of key concepts. In this paper we discuss the hypertextbook concept by
way of the hypertextbook project currently underway at Montana State University.

1 Introduction

Visualizations play a key role in providing insights into important concepts.
Computer-based visualizations have been applied to many areas of science and
engineering, enhancing our understanding of molecular structures, mysteries of
the universe, predator-prey relationships, and many other science, engineering,
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and sociological phenomena. Most visualization software has been oriented to-
wards advancing research. Less attention has been paid to the development of
visualization software for education.

At first glance, it might appear that visualization systems developed for rese-
arch would be equally applicable to education, but that is not the case. Although
demonstrations of advanced visualizations can be helpful in the classroom, there
is a vast difference between a visualization intended for an expert, who already
understands the field well and knows what patterns to look for in a visualization
(and what those patterns might mean), and one intended for a novice who does
not understand the field well and is using visualization software to help learn
the field.

Computer science educators have developed a number of visualizations of
computer science concepts for education since the early days of the discipline [1,
14,18,16,9]. Most of these, not unreasonably, are algorithm animations (see, for
example, [5,12,15])—visualizations that show the steps of an algorithm, such as
quicksort, in action. Educators have always struggled to convey the dynamics
of an algorithm in a lecture; the artistic and acting capabilities required for an
illuminating presentation at a whiteboard elude most instructors. It is also diffi-
cult to avoid mistakes, and it is a struggle to back up in such a live presentation
to answer student questions about what happened a few steps earlier. Finally,
when students walk out of the classroom they leave the dynamic presentation
behind. Notes they might have taken, being inherently static, are of little use in
recapturing the dynamic information of the lecture.

It is no wonder, then, that the idea of dynamic, computer-based visualizati-
ons of key computer science concepts is so appealing to educators. Done properly,
they are error free, repeatable, easy to reverse in answer to questions, usable for
study outside of the classroom, and readily available to both instructors and
students. In spite of their appeal, however, it is well known that visualization
software for computer science education is not widely used in instructional set-
tings. In the rest of this paper we discuss the reasons for this paradox and present
one remedy: the hypertextbook.

2 Why Educational Visualization Software Is Underused

What is it that keeps visualization software systems—even good ones—designed
to aid teaching and learning at bay? In [3] we examine this question in depth.
Essentially, there are four parts to the answer to this question: (1) platform
dependence, (2) installation and maintenance chores, (3) demands on faculty
time, and (4) a lack of courseware integration.

The problems associated with platform dependence and installation and
maintenance chores are self-evident. These problems can be overcome with well-
designed visualization systems designed to run as applets on the web. Such ap-
plets are platform independent by definition, and they require no installation or
maintenance on the part of the users. However, web-based visualization applets
still require time on the part of instructors to locate, evaluate, learn, and teach in
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preparation for effective classroom use, a process that must be repeated for each
desired visualization. Since most such applets deal with single concepts and are
therefore useful for only one or two lectures, this is time that most overburdened
faculty members are unable to invest. Finally—and most importantly—there is
the problem of courseware integration. An individual applet acquired from the
web for visualization purposes is unlikely to blend well with traditional course
resources or other applets. Terminology may differ, the implementation of the
concept may not closely match that presented in the course textbook, and it may
be difficult to decide where to schedule the presentation and use of the applet
in the course. Furthermore, individual applets retrieved from the web seldom
provide comprehensive active learning experiences for students.

On one hand, then, it is no wonder that visualization software designed for
education is underutilized. On the other hand, a solution to this problem is
evident. Teaching and learning resources need to be developed that are plat-
form independent and that incorporate active learning visualization applets as a
seamless part of the whole. This brings us to the concept of the hypertextbook.

3 Hypertextbooks

A hypertextbook is a comprehensive, web-based teaching and learning resource
that is intended to augment or supplant a traditional textbook for an academic
subject. For example, a hypertextbook on the theory of computing would be a
complete, web-based resource for teaching and learning the theory of computing.
Hypertextbooks extend the capabilities of traditional textbooks tremendously in
that, beyond mere textual presentations and static illustrations, they can also
incorporate video clips, audio files, and active links to other material on the
web. They can also be arranged (through the use of hyperlinks) to accommodate
various teaching/learning needs and styles. Most unique, though, is their capacity
for including active learning modules in the form of interactive applets that
visualize important concepts and engage students in exploratory learning. In
most cases, the visualizations are animated. That is, the concept or model being
visualized changes over time in response to various stimuli; we often refer to such
visualizations as animations. It is this capacity that web-based hypertextbooks
have for the incorporation of active learning animation applets that we consider
at length in this paper.

The ensuing discussion of hypertextbooks is based on our own work-in-
progress on a hypertextbook we call Snapshots of the Theory of Computing,
or just Snapshots for short. The title Snapshots reflects the fact that the hy-
pertextbook is being made available in parts (snapshots), as each part becomes
ready.

We have reported on Snapshots before [2,3]. Here we present the hyper-
textbook concept from a different point of view. As the design of Snapshots is
discussed, we will highlight points that we have found to be important in the
construction of a hypertextbook, both from pedagogical and practical points of
view. For ease of reference, we will number these points.
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It is important to note at the outset that none of the “important points” we
list have actually been verified by us through formal studies with hypertextbooks
in a teaching and learning environment; we have not yet had opportunity to
conduct such studies2. Instead, the points listed come from our own experience,
discussions with colleagues, presentations by cognitive psychologists, and the
literature (for example, [15]).

It is equally important to acknowledge that many of the points we highlight—
even though we arrived at most of them independently—are not unique to our
work. The use of hypertext and hypermedia in teaching and learning has been
investigated over the course of a number years (as an example, see [11]). The
idea of constructing hypertext teaching and learning resources with integrated
visualizations and animations is also, of course, not unique to our project. In
[6], for example, eleven “design principles for effective web-based software vi-
sualizations which cover teaching requirements, sustainability, ease of use, and
remoteness” are discussed based on the work of the authors, who build on earlier
work [7]. On the other hand, we know of no other work currently in progress
that captures the essence of our hypertextbook project, which focuses on the
inclusion of comprehensive, integrated, and animated active learning applets.

With these acknowledgements to the substantial work of others, we (for the
sake of brevity) will make few more references to the literature in presenting the
list of issues we have found to be important in the design of a hypertextbook.

3.1 The Hypertextbook Cover

Figure 1 provides a view of the “cover” of Snapshots as it appears when viewed
in the Netscape web browser3. This is the home page of the web that makes up
the Snapshots hypertextbook and thus serves as the portal to the book. One
will notice that this page does indeed appear similar to the cover of a traditional
textbook. We have attempted to make it attractive, uncluttered, and functional,
which leads us to our first points.

Point 1. The cover, or portal, of a hypertextbook should be attractive
and/or intriguing, thus inviting readers to explore further.

Point 2. A hypertextbook, from the cover on, should have a familiar
and professional “textbook” look to it, so that students feel comfortable
using it as their main class learning resource. (As time goes on and
hypertext materials become more prevalent, it is likely that such visual
relationships to traditional textbooks will become unnecessary.)

Point 3. A hypertextbook should be uncluttered, yet functional. There
is a strong temptation to make liberal use of the “bells and whistles”

2 This is the classical “chicken and egg” problem; such studies would help in the design
of a hypertextbook, but one needs a hypertextbook to conduct the studies.

3 It is, unfortunately, not possible to reproduce colors here. Where important we will
explain the color schemes in the figures.
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available for web page development in a hypertextbook (flashing sym-
bols, odd fonts, animated images, and so forth), most of which only
confuse the learner and detract from the learning experience.

We tried a number of different designs before recognizing the importance of
points 1 through 3.

Fig. 1. The cover of the Snapshots hypertextbook

As seen in figure 1, the main entry points to the hypertextbook are listed
as links along the left side of the cover. This left margin with its links appears
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on every page of the hypertextbook, giving students easy access to the impor-
tant parts of the book: cover page, preface, contents, index, glossary, standalone
versions of the active learning visualization applets (the “Models” link) used in
the book, and a list of the book’s contributors (the “Rogues” link). Fonts, page
backgrounds, and color schemes are also used consistently throughout the book.

Point 4. A hypertextbook should maintain a consistent structure
throughout. Standardized page design, common font usage, and con-
sistent application of color schemes are all important.

3.2 The Hypertextbook Structure

The web provides opportunities for structuring a hypertextbook in ways that
traditional textbook authors can only dream about. As examples, a hypertext-
book can be organized—through the use of hyperlinks—to have different learning
paths (through the same material) for different learning styles or for different
levels of educational maturity. In Snapshots we have chosen the latter approach,
creating paths through the book that cater to novices, intermediate learners,
and advanced students, respectively. From the “Preface” link in the left margin
one can get to a description of the organization of Snapshots which displays the
illustration given in figure 2.

Fig. 2. The ski slope organizational model of Snapshots

Figure 2 is a copy of a ski trail map for Bridger Bowl, a ski destination in
the Rocky Mountains near Bozeman, Montana, USA. One can see that there
are many trails that start at various high points on the mountain. All trails are
marked with international symbols to make it possible for skiers to choose the
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appropriate way down based on their abilities. Green circles mark the easiest
routes, blue squares the intermediate paths, and black diamonds the challenging
trails. All lead to the same goal: the lodge at the bottom.

The ski slope model is our inspiration for the organization of Snapshots. We
are designing the book, as noted, to address the needs of beginners, intermediate
learners, and advanced students. We mark the different ways through the book
with the same international symbols used on ski slopes: a green circle for begin-
ners, a blue square for intermediate learners, and a black diamond for the more
advanced. All paths lead to the same goal: an understanding and appreciation
of the theory of computing. This structure makes the book usable across the
curriculum.

Point 5. A hypertextbook should make use of hyperlinks to organize the
material in ways appropriate for different learning needs and/or different
learning styles to make it as flexible and useful as possible.

Fig. 3. The contents page of Snapshots

To see how this works, look at figure 3, which is a clip of the page reached by
selecting the “Contents” link in the left margin. Notice that beneath each chapter
title the three international symbols appear: the (green) circle, the (blue) square,
and the (black) diamond. These symbols have associated hyperlinks that lead
the user to a more detailed table of contents for that chapter based on the level
selected. From the more detailed table of contents a student can then begin to
learn about the topic of the chapter by clicking on the desired section of the
chapter (each of which is also a hyperlink). The pages for each topic are marked
at the top by the appropriate international symbol to let the students know
whether they are on the appropriate track.
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Following the green circle route leads a student through a very intuitive
presentation of the topic being studied, with lots of examples and liberal use of
the animated, active-learning applets that we have designed for the theory of
computing. The blue square track also provides an intuitive introduction to the
topic, but with fewer examples involving the active-learning applets and a greater
reliance on mathematical notation. The black diamond approach incorporates
only a few examples that use the active learning applets and resorts to formal
mathematics throughout.

3.3 Animated, Active Learning Applets for Hypertextbooks

At this point we can finally discuss the central feature of the Snapshots hyper-
textbook—animated, active learning applets of the key concepts of the theory of
computing. It might seem that these could be discussed in isolation, but doing so
would obscure one of the most important issues of hypertextbook design: applets
designed for use in a hypertextbook have substantially different requirements
than those designed for standalone use. They also take much more time to create.
An old subjective metric [8] states that if a software system designed for personal
use takes time N to complete, the same system designed for use by others will
take time 3N , and if it is also to be integrated with another system (e.g., a
hypertextbook) it will take time 9N . Our experience certainly lends credence to
this observation.

Point 6. Creating animated, active learning applets that integrate well
with each other and fit seamlessly into a hypertextbook takes appreciably
more time than creating standalone applets for identical topics.

By way of introduction, look at figure 4. This is a page that appears towards
the end of a section in Snapshots that discusses nondeterministic finite state
automata on the green track. Notice that the applet is embedded directly in the
text of this page. We have discovered that opening a new window for an applet
is distracting to the student, in that it causes focus to be shifted away from the
discussion in the text. It is also confusing in that students are not sure when a
newly opened window should be closed, nor is it clear when or how to return
to the text. On the other hand, standalone versions of the applet should also be
available for students to use in their own explorations (this feature is provided
in Snapshots through the “Models” link in the left margin).

Point 7. Applets that are to be used in examples in a hypertextbook
should appear in line and not be displayed in new windows.

Point 8. Applets used in a hypertextbook should also be available (in
an appendix, for instance) in standalone mode for arbitrary student or
instructor use.

Figure 4 shows the automaton applet preloaded with an example nondeter-
ministic automaton for determining whether an input string is a valid integer,
fixed point, or floating point number. Configuring the applet for this particular
use is, of course, the responsibility of the hypertextbook author.
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Fig. 4. An embedded finite state automaton applet in Snapshots

Point 9. A special software tool must be provided with each applet that
allows an author to configure that applet properly for each appearance of
that applet in the hypertextbook. For instance, if the applet in question
is to illustrate a particular finite state automaton in an example at some
desired point in the hypertextbook, the author must be able to configure
the applet to start up with the desired automaton at that point.
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Active learning applets should have a number of special features that aid
learning. One is a feature that can lead a student through an animation a step
at a time with little or no required intervention and with accompanying explana-
tions. This feature is important when examples of a new topic are encountered
for the first time. In the case of the finite state automaton applet, for instance,
this would mean that the applet would be preloaded with both an automaton
and an input string. Each time the student presses the “Step” button, the au-
tomaton would be shown consuming the current input symbol, changing states,
and moving the input head to the next input symbol. An explanation of this
step would appear simultaneously in another pane of the applet window.

A second feature of applets intended for active learning is one that gives
students more responsibility for directing the animation. Again using the finite
state automaton applet as an example, in this instance an automaton might be
preloaded into the applet by the author, but the student would then provide his
or her own input strings and run the automaton to see whether the strings were
accepted or rejected.

A final necessary feature for active learning applets is one that assigns com-
plete responsibility to the student (for example, when an applet is used in an
exercise). In the case of the finite state automaton applet, the student should be
able to create and modify an automaton arbitrarily within the applet in solving
a given exercise or for independent exploration.

Other important features include the capability to back up in an animation
(so that the student can explore puzzling aspects of the animation), and an
option to set the animation either to proceed one step at a time under student
control or to set it to run automatically with an accompanying method (e.g., a
slider bar) for controlling the speed of automatic execution of the animation.

Point 10. Active learning animation applets intended for use in a hy-
pertextbook must provide a wide range of control to the student, from
virtually no control (so that a new concept can be explained a step at
a time by the author), to intermediate control (so that a predetermined
example can be explored by a student controlling the animation of that
example), to complete control (so that a student can construct and con-
trol an animation of a concept from scratch in an exercise). It has been
shown that the more involved a student is in creating an animation, the
better the student learns [17,15].

Point 11. Active learning applets should provide capabilities for a stu-
dent to control each step in an animation or to set the animation to run
continuously; in the latter case, there should be a mechanism that allows
the student to adjust the speed of automatic animation.

Point 12. Active learning applets should allow a student to back up
arbitrarily far in an animation to review or retry certain steps.

In figure 4 the nondeterministic automaton is shown part way through the
processing of the input string 365.33E-14. There are three nondeterministic
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branches in this automaton that check whether the input string is an integer,
fixed point, or floating point number, respectively. The current states are shaded
(with a red disk). As an input symbol is consumed, a state transition is shown in
that the red disks move smoothly from their current states simultaneously across
the appropriate transition edges to the next states (if there is no corresponding
transition from a state, the red disk turns gray and then disappears). The input
head also moves to the next input symbol. State transitions can be controlled a
step at a time through the “Step” button or set to run automatically. Rudimen-
tary sound effects accompany these actions; there are different sounds for state
transitions, string acceptance, and string rejection that draw attention to these
activities and distinguish them from one another. One can see that the graphical
version of the automaton reflects closely the form of automaton models found in
traditional textbooks.

Point 13. Animated, active learning applets should provide smooth
transitions between images, or states, in the animation. Students can
then see more easily how the step being animated occurs.

Point 14. Sound should be used where appropriate in active learning
applets. Sound can give important clues to an animation, which today’s
students are accustomed to utilizing, for example, while playing com-
puter games, and even while interacting with general software systems
(e.g., operating systems).

Point 15. Models animated in active learning applets should not deviate
in appearance substantially from their traditional visual representations
unless there are sound pedagogical reasons for a change.

3.4 Integrating Applets in Hypertextbooks

The repertoire of applets designed so far for Snapshots includes those needed for a
complete first chapter of a traditional theory book on finite state automata, regu-
lar grammars, and regular expressions. In addition to the finite state automaton
applet shown in figure 4, there is a context free grammar applet that allows an
author to illustrate arbitrary context free grammars (and hence arbitrary regular
grammars) and animate derivations with these grammars. Students can use this
applet in exercises to create grammars and to construct derivations of arbitrary
strings in those grammars.

There is also a regular expression grammar that an author can use to de-
monstrate the construction of a regular expression for a provided regular set. It
also allows a student to construct regular expressions.

Finally, there is a program animator that animates (Pascal) programs. It can
be used to demonstrate implementations of various algorithms related to the
theory, such as how a finite state automaton can be implemented as a program,
how a regular expression is converted to a finite state automaton, and so forth.
(in this instance, Pascal serves as a nice pseudo-language). These applets are not
illustrated here for lack of space, but can be found at [13].
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The finite state automaton, context free grammar, and the regular expres-
sion applets have been designed to work together to provide feedback to a stu-
dent completing exercises using these applets4. Using known properties of finite
state automata, the automaton applet incorporates an algorithm that checks a
student-constructed automaton for accuracy. To accomplish this, the hypertext-
book author providing the exercise also gives a correct finite state automaton
(hidden from the student) for the exercise. The language of the correct automa-
ton is then compared with the language of the student’s automaton. If the two
are equal, the student is congratulated. If the two languages are not equal, the
applet reports this to the student along with a sample string that the student’s
automaton either accepts or rejects in error.

Using other known algorithms that convert regular expressions and regular
grammars to equivalent finite state automata the same technique is applied in the
regular expression and grammar animation applets to provide similar feedback
to a student. Again, the author must provide a correct regular expression or
grammar, respectively, when creating exercises with these applets. Then the
conversions to equivalent finite state automata of the correct version and the
student version are made, the language comparisons completed as above, and
feedback provided to the student.

Point 16. Active learning models included in a hypertextbook must be
designed to interact with each other as appropriate.

3.5 Decoupling a Model from Its Description

This brings us to our final point, and perhaps the most important one we make.

Point 17. The data structure that describes a model (e.g., a finite state
automaton) must be independent of its graphical representation in an
applet.

This last point is easily overlooked. It is the reason why many standalone ap-
plets cannot readily be extended, or incorporated into other resources, such as
hypertextbooks. Without an underlying representation for each model that is in-
dependent of its graphical presentation, integrating applets to work together (as
described in the previous section) would be prohibitively difficult. With Snaps-
hots we have implemented the most logical solution to this problem by designing
for each model (finite state automaton, grammar, and regular expression) an
eXtensible Markup Language (XML) definition. Not only does this allow the
various models to be integrated with each other, but it also provides for the
development of different graphical representations of the models as desired, and
it allows the models to be treated in a fashion that is now standard on the web.

Briefly, this works as follows. Consider the definition of a finite state au-
tomaton. This definition can be formally specified in XML so that all of the
components of a finite state automaton—the states, the input alphabet, the
4 Much of this work is in progress at the time of this writing.
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transition function, and the accept states—are well defined. Each different finite
state automaton is formulated with the same XML structure, but with different
values in the data fields (e.g., the fields that represent the number of states, the
actual input alphabet, and so forth). In our case, where pedagogy is key, there
may also be other parts to the definition not normally associated with the theo-
retical definition of a finite state automaton, such as a field that accompanies
each state that describes what that state “remembers,” or a particular input
string on which the automaton should be started when it is initialized. Along
with the XML file for a finite state automaton, a Document Type Definition
(DTD) file is provided that specifies the rules for constructing a proper finite
state automaton in XML. Thus, programs that process the XML file can check
it against its DTD to see that the file represents a correctly structured finite
state automaton before actually processing the XML file.

The key point is that the XML file for a finite state automaton contains only
its definition, not any information about how the automaton is to be displayed.
Thus, it is up to the program processing an automaton XML file to decide how
to display the automaton. The illustration in figure 4 represents one way to
display a finite state automaton from its XML file. The same automaton could
be displayed as a table from the same XML file, since no information is included
in the file about how to display or animate the automaton. On the other hand,
since all of the information about the automaton is in the XML file, it is possible
to display the automaton consistently in one of these various forms, and even to
animate it as desired.

Consider also what is done when an author creates an exercise for the hy-
pertextbook using an exercise creation tool (see point 9). Suppose this exercise
requires a student to construct a finite state automaton to recognize a particu-
lar regular language. In developing the exercise, the author provides both the
written specifications of the automaton for the student and a correct automa-
ton. This correct automaton is automatically converted to its XML form by
the exercise construction tool and stored as part of the exercise (hidden from
the student). The student completing the exercise then attempts to construct a
correct automaton within the finite state automaton applet. Behind the scenes,
the applet converts the student’s automaton to its respective XML form. When
the student then clicks on a “submit” button, the applet invokes an algorithm
that compares the correct automaton against the student’s automaton using a
well-known algorithm for determining whether two finite state automata reco-
gnize the same language. This algorithm is easy to implement because of the
consistent representation of both automata as correct and consistent XML files
(each based on the same DTD).

The context free grammar and regular expression models in Snapshots also
have appropriate, consistent XML representations. This makes implementation
of standard conversion and checking algorithms (e.g., algorithms for checking
whether a student-constructed regular expression is correct or not, or for con-
verting a regular expression to a finite state automaton) in the active learning
applets that animate these concepts straightforward as well.
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Based on the XML definitions for the different models, work is continuing as
of this writing on extending the active learning applet library of Snapshots to
include animations of the standard conversion algorithms from nondeterministic
finite state automata to equivalent deterministic versions, from deterministic fi-
nite state automata to their minimal form, from regular expressions to finite state
automata (and vice versa), and from regular grammars to finite state automata
(and vice versa). Finally, animations of the applications of the theory—such
as the pumping lemma for regular languages, the Myhill-Nerode theorem, and
others—are in the plans. Together, these animations will support a comprehen-
sive first chapter in Snapshots on finite state automata, regular grammars, and
regular expressions, replete with animated, active learning applets designed to
help students of many different abilities and backgrounds come to an apprecia-
tion and understanding of the theory of computing.

4 Summary

In this paper we have discussed some of the problems that have precluded the
widespread use of standalone educational visualization software systems in the
computer science curriculum. We have then proposed one solution to these pro-
blems: hypertextbooks that are designed for the web and are thus platform
independent, turnkey systems that can be used as the primary teaching and
learning resource in a course. Such hypertextbooks can (and should) incorpo-
rate animated, active learning applets in a seamless fashion, so that students use
them as a matter of course. Finally, we have listed a number of important points
that we have learned in the course of our efforts to construct hypertextbooks in
the Webworks Laboratory [13] at Montana State University.

There are a number of researchers working on visualization and animation
software for education, including animations of theory concepts (see, for exam-
ple, [10]). However, we know of no other hypertextbook projects of the scope
described here (one project worth a look is [4]). We hope that our work will
encourage others to begin similar projects. Patience is required. The writing of a
textbook is a big job in any case. Designing a hypertextbook that addresses the
differing needs of students and that incorporates active learning applets makes
the job much more challenging. In the end we believe that students will profit.
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In a recent survey, Koschke [38,39] (see Chapter on Software Engineering) inve-
stigated the perspectives on software visualization of 83 researchers in the areas
of software maintenance, reverse engineering, and re-engineering. One of the
main results was that graphs have been identified as the most often used kind of
visualization. Since in these areas graphs are generally computed by automatic
analyses, tools are needed for laying them out automatically. Graph visualiza-
tion and automatic layout are also important issues according to the survey by
Bassil and Keller [2] on software visualization.

The discipline of designing algorithms and developing tools for automatic
graph layout is called graph drawing. Software Visualization is an important
application of graph drawing, yet not the only one. Other applications include
the visualization of networks (e.g., social networks, computer networks), the
visualization of processes (e.g., chemical reactions or business processes), or the
visualization of data bases. Furthermore, graph drawing plays an increasingly
important rôle in data mining, bioinformatics, or web-visualization.

Despite the wide variety in applications of graph drawing, some general
aesthetic criteria have emerged. It is essential for the readability of a dia-
gram that unrelated nodes do not intersect each other. Also intersections bet-
ween nodes and unrelated edges should be avoided. According to the survey
of Purchase [46], the avoidance of edge crossings is among the most important
criteria. However, edge crossings cannot always be avoided. Graphs that can be
drawn in the plane without edge crossings are called planar graphs.

S. Diehl (Ed.): Software Visualization, LNCS 2269, pp. 285–294, 2002.
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Another important criterion for good readability is the avoidance of sharp
edge bends. This problem vanishes when an orthogonal drawing style is used.
Here, every edge is drawn as a sequence of horizontal and/or vertical line seg-
ments. The survey of Purchase [46] has shown that in orthogonal drawings the
number of (90◦-)bends should be small. A small number of bends tends to lead
to a short total edge length and a small drawing area — these are other impor-
tant aesthetic criteria. It is much easier to understand the structure of a graph
in a drawing in which all edges are short. Moreover, if the drawing area is small,
it is easier to identify objects on the screen due to the better resolution.

Additional aesthetic criteria are given by the specific applications. Often, the
given data is hierarchical (such as, e.g., in a flow diagram), and this must be
reflected in the drawing. Other criteria include display of symmetry or patterns.

Graph drawing algorithms can be classified into algorithms for general gra-
phs and algorithms for hierarchical graphs. Typically, hierarchical graphs are
directed and acyclic (called DAGs). Recently, a third category of algorithms
for so-called mixed graphs developed. Mixed graphs consist of hierarchical and
non-hierarchical parts.

In the following we will give a brief description of the most popular drawing
algorithms for general and hierarchical graphs. Afterwards, we will investigate
recent developments for topics that are mainly relevant to software visualiza-
tion, such as scalability (handling large graphs including clustering, folding and
viewing), interactive layout (incremental drawing, mental map, constraints), as
well as recent progress in drawing of UML class diagrams.

The most popular drawing algorithms for general graphs are based on force-
directed methods and on orthogonal methods for planarized graphs. Algorithms
for hierarchical drawing concentrate on tree layout methods and the layered
method suggested by Sugiyama et al. [52].

Force-directed methods. The idea of force-directed algorithms is to model
a physical system and to compute its equilibrium. For this, the physical force
model needs to be defined first. Then, coordinates for the nodes are compu-
ted that define a state of low total potential energy. Typically, the edges are
drawn straight-line. For both steps many approaches have been suggested in the
literature.

The forces typically depend on characteristics such as the node distribution,
the edge lengths, the number of edge crossings, the node-edge distances, or the
drawing area. A state of minimum energy can be approximated using iterative
local search heuristics like simulated annealing, genetic or tabu search methods.

Force-directed methods are easy to understand and easy to implement. They
work in two and three dimensions. For tree-like structures (very sparse gra-
phs that are almost trees), such methods typically lead to nice drawings. Force
directed methods, however, suffer from several drawbacks. The first is that the
drawings often contain crossings that could be eliminated easily by visual inspec-
tion. Furthermore, most force directed methods produce straightline drawings,
and as such do not deal well with large node sizes. Thirdly, most force direc-
ted methods are compute-intensive and not feasible for large graphs. Recently,
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various authors have suggested ideas to overcome these problems, e.g., [23,7,47,
47,54], at some cost to their simplicity. For non-tree like structures, the results
of force-directed methods are — in many cases — not competitive with other
methods. An overview of force-directed methods is given in [10] and [6]. The first
method of this type has been introduced to graph drawing by Eades [17], who
suggested a model based on springs.

Many software tools implement force-directed graph drawing methods. E.g.,
Graphlet, a toolkit for graph editors and graph algorithms [9] contains many
different force-directed drawing methods.

Orthogonal methods based on planarization. The idea is to use the po-
werful algorithms for drawing planar graphs also for non-planar graphs. This is
supported by the observation that graphs arising in practice are almost planar
in the sense that only a few edges need to be deleted in order to obtain a planar
graph. This observation directly leads to a simple planarization idea: In a first
step delete the minimum number of edges such that the remaining graph is pla-
nar. Then draw the graph and reinsert the deleted edges while minimizing the
edge crossings.

Some details are problematic: The first one is that deleting the minimum
number of edges of a graph G = (V, E) such that the remaining graph P is
planar is an NP-hard optimization problem. However, it can be solved in practice
by using efficient heuristics based on linear time planarity testing algorithms.
The second problem is that the user may recognize the deleted and re-inserted
edges in the final drawing. Therefore, the removed edges are inserted before the
planar graph P is drawn. For this, a (planar) combinatorial embedding Π of P
is computed. Formally, a (planar) combinatorial embedding Π of a planar graph
P consists of a circular ordered list of the neighbours for each node in some
planar drawing of P . A combinatorial embedding essentially fixes the faces of a
planar drawing. The third problem is that re-inserting the edges into the planar
graph P while minimizing the number of edge crossings is also NP-hard. It can
be solved to optimality in linear time if only one edge needs to be inserted [27].
Therefore, a practical heuristic consists of an iterative method that inserts the
edges one-by-one into the planar graph and substitutes the new crossings by new
additional nodes.

After the reinsertion process, all the crossings have been substituted by ar-
tificial nodes, yielding the so-called planarized graph (which is planar, and re-
substituting the artificial nodes by the crossings gives the original graph).

Now the planarized graph can be drawn by any planar drawing algorithm.
The most popular drawing algorithms are based on network-flow computati-
ons. They originate from [53], in which Tamassia suggests a polynomial time
algorithm for computing a bend-minimal orthogonal drawing of a graph G with
bounded degree four when a fixed planar combinatorial embedding of G is gi-
ven. The algorithm proceeds in two steps. First, the graph is transformed into a
network in which a minimum cost flow is computed. From the flow, the angles
between adjacent edges and the bends along the edges can be determined. This
fixes a “shape” for each edge, and thus, of the entire drawing. In the second step,
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the task is to determine the lengths of the edge segments that compose the given
shapes. The optimization goal here is to keep the total edge length, the maximal
edge length, or the total drawing area small. Two-dimensional compaction is
NP-hard, but there are many heuristics (e.g., [35]) and also an exact algorithm,
which is able to solve most instances arising in practice very fast [37].

The bend minimization algorithm works only for graphs with node degrees
bounded by four. Many efforts have been made to generalize the bend-minimiza-
tion algorithm for general planar graphs [53,21,36]. It turned out that, indeed,
drawings with fewer bends are smaller and look nicer. The number of bends in
a drawing highly depends on the chosen combinatorial embedding. Even though
bend minimization over the set of all combinatorial embeddings is NP-hard,
two algorithms based on branch-and-bound and SPQR-trees are able to solve
moderately sized instances of the problem to provable optimality [8,44].

There are very few software tools realizing the planarization method (e.g.,
AGD [28] and GDToolkit [25]) due to the difficult implementation effort. The
AGD system is discussed in more detail in this chapter.

Layered methods for hierarchical graphs. Hierarchical structures appear,
e.g., in data-flow diagrams, workflow diagrams, or activity charts. Formally, a
directed graph G is called hierarchical if it does not contain a directed cycle. In
drawings of hierarchical graphs, all the edges should point in one direction, e.g.,
from top to bottom or from left to right. By far most of the practical software
used for laying out hierarchical data is based on the layering method suggested
by Sugiyama, Tagawa and Toda in 1981 [52].

Their idea is to proceed in three steps. In the first step, the node set V of the
directed graph G = (V, A) is partitioned into k sets V1, . . . , Vk, called the layers
of G, so that for each edge (u, v) ∈ A, u ∈ Vi, v ∈ Vj with i, j ∈ {1, . . . , k} the
condition i < j holds. All nodes in the same set Vi, i ∈ {1, . . . , k}, do finally get
the same y-coordinate thus ensuring that all edges point into the same direction.
In the second step the nodes within each layer are ordered so that the number
of edge crossings gets small. In the final step, the y-coordinate of each layer and
the x-coordinate of each node are computed.

For the first step various methods have been suggested. Topological sorting
computes a layering with minimal height. The Coffman-Graham algorithm finds
a layering of width at most w and height h ≤ (2 − 2/w)hmin, where hmin is
the minimum height of a layering of width at most w [13]. Gansner et al. [22]
have suggested an integer linear program (which can be solved in polynomial
time) for finding a layering with the minimum total edge length in y-direction.
Recently, Healy and Nikolov [30] have suggested an algorithm based on integer
linear programming which attacks the problem of computing a layering subject
to arbitrary constraints on the width and height.

The crucial step is the crossing minimization. Crossing minimization for a
layered graph is NP-hard even for two layers one of which is fixed. Recently, an
algorithm based on integer linear programming has been suggested which is able
to solve instances of moderate size to provable optimality [29].
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Before heuristics for crossing minimization can be applied, the graph
needs to be transformed into a proper hierarchy in which each edge (u, v)
with u ∈ Vi and v ∈ Vj , i + 1 < j is substituted by a path of edges
(u, w1), (w1, w2), . . . , (wj−i−1, v), wl ∈ Vi+l for l = 1, . . . , j−i. The heuristics are
all based on the idea to successively consider two adjacent layers in which the
ordering of the nodes in the first layer L1 is already fixed whereas an ordering in
the second layer L2 is searched so that the number of crossings between the set
of edges {(u, v) | u ∈ L1, v ∈ L2} is minimized. The edges are drawn straight-line
between two adjacent layers. Since also this fixed 2-layer crossing minimization
problem is NP-hard, many heuristics for solving the problem have been sug-
gested in the literature (see, e.g., [33,6]). Jünger and Mutzel [33] transformed
the problem into the linear ordering problem which can be solved efficiently in
practice using polyhedral combinatorics and branch-and-cut.

Alternative approaches [42,29] based on ideas for planarizing hierarchical
graphs have been suggested, but so far they did not find their way into publically
available software tools. An overview of hierarchical drawing methods is given,
e.g., in [6]. The idea of the Sugiyama method can also be transferred to three-
dimensional drawings (cone trees).

Sugiyama-type methods are available in almost all graph drawing software
products; see, e.g., Graphviz [19] and aiCall [20]. The latter system is discussed
in more detail in this chapter.

Tree drawing. A connected hierarchical graph containing no cycle (in the
undirected sense) is called a tree. Trees usually represent hierarchies, and then
the unique node with no predecessor is called the root of the tree. The most
widely used algorithms for drawing a rooted tree such that the nodes of depth
k in the tree are placed at a vertical distance of k below the root are based on
a method by Reingold and Tilford [48] for drawing binary trees. In a binary
tree, every subtree has at most two children subtrees, a left and a right one.
The idea is to recursively draw the left and right subtrees independently in a
bottom-up manner, then shift the two drawings in x-direction as close to each
other as possible, and center the parent of the two subtrees one level up between
their roots.

Drawings computed by this algorithm have the nice property that identical
subtrees are drawn identically. Moreover, the width of the drawing is relatively
small. In general, the drawings look aesthetically pleasing. The algorithm can be
easily extended to general rooted trees. Most drawing tools contain tree drawing
algorithms based on this idea.

Drawing of large graphs. The graphs arising from software visualization
are often very large (having several thousands of nodes and edges). The classical
graph drawing algorithms are, in general, not able to handle such huge data sets.
The tree drawing algorithm is a notable exception since it can be implemented
to run in linear time. Hierarchical algorithms are more problematic since already
the layering of the graph can introduce a quadratic number of dummy nodes.
However, in practice, this does not seem to be a bottleneck. The situation is
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different for planarization methods. Here, the bottleneck is the edge re-insertion
phase, which needs time O(r|V |), where r is the number of edges deleted in the
first step. In the worst case, r can be quadratic in |V |. Force-directed methods
suffer most with large graphs, but recent progress is promising, see, e.g., [24]).

In any case, it is difficult to make sense of many thousands of objects on a
computer screen. Such problems can be resolved by fish-eye views or restriction
to a small part of the graph in one window and a navigation tool for exploring
the entire graph in another window. However, following single edges through the
drawing can be very hard.

An alternative approach is to group node subsets in clusters, and only display
the cluster node instead of all interior nodes. This can be done recursively. The
idea is that the user starts with a small drawing containing cluster nodes that
can be folded or unfolded interactively. One problem with this approach is the
determination of the clusters. If they are not provided by the user, clusters
are usually determined based on local properties (such as connectedness or the
number of neighbours [3]). Another problem is the display of nodes and their
cluster at the same time. Recently, a lot of progress has been made, e.g. in [51]
for hierarchical graphs, in [47,40,5] for the orthogonal approach with planarized
graphs, and in [31] for force-directed methods.

Tools focussing on drawing large graphs are, e.g., Tulip [1] and Pajek [4].

Interactive drawing. Koschke [38] also mentions that classical graph drawing
methods use user-independent optimization criteria in order to generate the
layout. In many cases, interactive approaches that allow users to help the system
in producing nice drawings by giving hints to graph drawing algorithms are
desirable.

Recent papers present ideas for user guided the optimization processes. This
can be done by introducing visual constraints [49], by asking the user for his/her
favourite drawings produced during the optimization process [32] or by manual
changes during the process [15].

Another issue in Koschke’s survey is “preserving the mental map”. After
adding or deleting nodes or edges, and calling the automatic layout algorithm,
it can happen that the drawing changes significantly, even when this was not
necessary at all. Some papers are investigating the question of preserving the
essential properties of the layout, also called the mental map. Recent papers
in this area include [45] for hierarchical graphs, [12] for interactive orthogonal
graph drawing, and [31,14] for force-directed methods.

Tools specialized on interactive drawings include, e.g., Graphviz [45,19], Wil-
mascope [16], and GLIDE [49].

UML class diagrams. In UML class diagrams, class hierarchies in object ori-
ented programs are displayed along with various association relations. While the
class hierarchies are DAGs that should be drawn hierarchically, the associations
should be represented as undirected edges. Such “mixed graphs” present a recent
new challenge to graph drawing algorithms.
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So far, the literature contains two different approaches. The first is to delete
the non-hierarchical edges, use a hierarchical approach to draw the remaining
graph, and then to re-insert the deleted edges [18]. One problem is that edge
routing is a very hard problem. This approach works only well for graphs with
relatively few association edges.

An alternative approach is based on the idea of orthogonal drawing of pla-
narized graphs. However, during the planarization process one needs to make
sure that the hierarchical structures are indeed displayed hierarchically in the
final drawing. Also the planar orthogonal drawing algorithm need to be adapted
accordingly [26].

Currently available software tools are described in [26] and [18]. The latter
one is discussed in more detail in this chapter.

Conclusion. In his survey paper [39], Koschke states that the software vi-
sualization and the graph drawing communities are almost disjoint and that a
collaboration of both communities would be desirable. The list of the most hea-
vily used graph drawing tools in this survey contains obsolete tools that are not
even maintained anymore, and does not contain new software that addresses
some of the needs of the software visualization community.

As pointed out above, the needs of the software visualization community in
terms of graph drawing tools are, at least partially, a subject of active investiga-
tion in the graph drawing community, and indeed, there are tools for problems
such as drawing large graphs, interactive drawing, or drawing UML diagrams.

In the Dagstuhl meeting, ideas have been born to bring together the new
XML-based graph exchange format GraphML [11] currently being developed in
the graph drawing community and the GXL format [56,55] designed for software
engineering. (GXL will be discussed in this chapter.) The ideas have been fol-
lowed up by a discussion at the International Graph Drawing Symposium 2001
in Vienna. We hope that the two formats will merge into one. The Dagstuhl
conference was a promising first step in bringing the two communities together,
and hopefully, the articles in this chapter of the proceedings will enhance the
collaboration.

For further reading, we suggest one of the books on graph drawing [6,34,50]
and the yearly proceedings of the International Symposium on graph drawing,
e.g., [41,43].
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Abstract.

In this paper we present a graph drawing framework that can be used to automatically
draw UML class diagrams and a compiler that extracts the needed information from
Java source code. Both components can be combined to a visualization tool for Java
programs.

1 Introduction

UML class diagrams are frequently used to illustrate the static structure of an
object-oriented program. A textual representation of these diagrams is usually
kept in a repository either in XMI (XML Metadata Interchange)[17] format or
in other textual representations like UMLscript [2]. The visualization of a soft-
ware description given in such a format is a graph drawing problem that may
be solved by applying well-known algorithms. An evaluation of current imple-
mentations of commercial tools showed, that usually unsuitable algorithms are
used. Hence, we conclude that a UML class diagram cannot be drawn by simply
applying well-known graph theoretic methods and that the problem of an ap-
propriate drawing of a UML class diagram with all its sophisticated features is
not solved satisfactorily so far.
We designed an algorithm which calculates a hybrid layout. The algorithm works
on a dynamically classified pseudo-hierarchy and respects association classes, ne-
sted packages, inner classes and incremental drawing, even if not all features may
be retrieved from source code by a specific Java parser like the one described
in section 4.1. An implementation of this algorithm is useful for students vi-
sualizing their own projects, for teachers showing several problems of software
engineering as well as the problems of applied graph drawing and it may be seen
as a reference implementation for UML tools.
In this paper we describe our algorithm implemented in the graph drawing frame-
work SugiBib, a pure Java framework. SugiBib reads its input from a UMLscript
[2] specification. The implementation follows the toolbox principle so the steps
described in subsection 3.2, which are implemented as highly configurable com-
ponents, can be reused in other graph drawing algorithms.

S. Diehl (Ed.): Software Visualization, LNCS 2269, pp. 295–306, 2002.
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2 Related Work

Our algorithm is developed from Seemanns extension [8] of the well-known
Sugiyama-Algorithm [10]. Our implementation accepts UMLscript [2] as input
language. Further possiblities to be realized in future are GXL (Graph Exchange
Language) [13] and XMI (XML Metadata Interchange)[17].
Other approaches to the layout of UML class diagrams are presented in [6] and
[12]. Unfortunately, these works emphasize the drawing a nice diagram accor-
ding to the aestetic aspects of the graph drawing community (cf. [7]) intead of
regarding the implicit semantics of software development diagrams.
The functionality of parsing the source code and displaying the static structure
of a program is usually done by a CASE tool. In [1] we evaluated the layout
facilities of 42 tools which promise UML conformity. The test which required so-
phisticated UML facilities according to UML version 1.3 showed that the layout
capabilities of all regarded tools are disappointing.

3 SugiBib

SugiBib is a pure Java framework which has been developed to implement a ge-
neralization and extension of Sugiyama’s algorithm [10]. The algorithm has been
extended to draw graphs with 2 kinds of edges. Furthermore nodes in input gra-
phs may occupy a two-dimensional, rectangular area and contain nested nodes,
i.e. nodes representing a subgraph.
Such graphs correspond to UML class diagrams quite well, hence a specific in-
stantiation of the framework for UML class diagrams is performed based on a
modified and extended version of the Seemann algorithm [8]. The framework ar-
chitecture has been chosen in order to test several alternatives for sub-algorithms.
Other approaches to calculate the layout of a class diagram usually rely on other
well-known graph drawing algorithms like spring embedder [4] or orthogonaliza-
tion [6]. A hierarchical approach (or at least hierarchical constraints) seem to be
appropriate since software design documents are usually organized hierarchically.

3.1 Layout of UML Class Diagrams

It is obvious that classes map to nodes and associations as well as inheritance re-
lations map to edges, the latter building the hierarchy. For class diagrams which
do not contain a proper generalization hierarchy an aesthetic layout cannot be
calculated without further consideration. A general partition of the set of edges
into hierarchical edges and non-hierarchical edges has to be done. The set of
hierarchical edges is seen as a pseudo hierarchy which can be laid out by the
Sugiyama algorithm. The current version of SugiBib derives a pseudo hierarchy
which may contain the inheritance hierarchy, the aggregation/composition ed-
ges, the associations or the dependencies by applying different heuristics.
Further steps are designed in order to realize incremental sucessive layout fea-
tures, notes, nested structures and association classes.
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Nested structures can be represented by a certain kind of edges which is seen as
a part of the hierarchy. In some subalgorithms like calculation of ranks this is
the appropriate way, but in others like calculation of coordinates these edges are
not regarded. Therefore, we define the containment of nodes as a second level
hierarchy which exists outside the set of edges of a graph. Edges of this hierar-
chy can be taken over into and removed dynamically from the primary hierarchy
which determines the basic layout of the graph.
To achieve the layout of nodes which have to keep in a close vicinity, we introduce
compound nodes in order to apply standard algorithms like rank calculation or
crossing minimization. To keep the vicinity of B and C in figure 1, these nodes
are inserted into the compound node E. All edges to B and C are mapped to E
and E replaces B and C. The compound node is broken,in order to calculate the
coordinates of the individual nodes, and the edges are mapped back to B and C.

A

D

CB

E

A

D

B C

Fig. 1. Transformation of individual nodes to compound nodes and v.v.

To improve the aesthetic quality of UML diagrams several instantiations of
the framework together with additional steps have been implemented.
The following choices describe the current instantiation of the framework for the
visualization of Java programs.

– Choose the inheritance subgraph as hierarchy.
– Introduce nested nodes for inner classes or packages.
– Create compound nodes for specific comments.
– Use N-level backtracking (c.f. section 3.4) for the minimization of edge cros-

sings. Usual heuristics like barycentric or median ordering have been tested
with median success.

– Apply Sugiyama’s original placement and Gansner’s modification [5] and
combine the result with an orthogonal layout of non-hierarchical edges.

– Keep compound nodes closely together, due to readability of the UML dia-
gram.

3.2 The Algorithm

The following steps describe our approach to calculate the layout of a class
diagram. In parallel we show the results of the several steps applied to an example
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in figure 2. Nodes which are contained in the package sub are given by their fully
qualified name, edges (except of containment edges) are drawn like specified by
the UML. Invisible nodes are shown by a crossed rectangle. In the input diagram
in figure 2 a) a sequence of nodes in an arbitrary order is given.

sub c8 c7 comment c6 sub::c1 sub::c3 sub::c2 sub::cA sub::c4 c5

sub sub::c1 sub::c3 sub::c2 sub::cA sub::c4 c5 c7c8 comment c6

sub sub::c1 sub::c3 sub::c2 sub::cA sub::c4 c5 c7c8 comment c6

sub sub::c1 sub::c3 sub::c2 sub::cA sub::c4 c5

sub sub::c1 sub::c3 sub::c2 sub::cA sub::c4 c5 c7c8

sub sub::c1 sub::c3 sub::c2 sub::cA sub::c4 c5 c7c8

sub sub::c1 sub::c3 sub::c2 sub::cA sub::c4 c5 c7c8 c6

c7c8 c6

comment

comment

a)

b)

c)

d)

g)

f)

e)

Fig. 2. The several steps of our algorithm applied to a diagram with association classes,
a package and a comment note (continued in figure 3).
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1. Identify the edges of the hierarchy (inheritance, aggregation, freely defined
hierarchy).

2. Order the set of nodes with respect to nested nodes. Within a subsequence
like a nested node order the top level nodes according to the following weights

weight(n) =
∑

e∈edges(n)

{
wh , if isHierarchical(e)
wo , else

where wh > wo in or-

der to release the dependency between predefined sequences in the input
graph and the result. This is shown in figure 2 b).

3. Insert the edges of the second-level hierarchy where no hierarchical edges are
present so far. In figure 2 the containment hierarchy is shown as dotted edges
from a node with a filled circle to the contained node. Figure 2 c) shows the
graph after inserting the containment hierarchy.

4. Given some information about an intended neighborhood of nodes, create
compound nodes. In figure 2 d) compound nodes which group c6 and its
comment as well as sub::c2 and its association class sub::cA are inserted.

5. Remove loops by inserting them into the node, which is furthermore respon-
sible for the correct layout of its reflective edges. This is drawn in figure 2
e) as a kind of inner edge in sub::c2.

6. Remove non-hierarchical edges and disconnected nodes from the graph tem-
porarily in order to apply the Sugiyama algorithm. Figure 2 f) shows this.

7. Insert a virtual root, if the graph consists of more than one component. The
root of a graph may be used as starting point of some subalgorithms. The
edges which connect the virtual root to the other nodes shown in figure 2 g)
are depicted as hierarchical edges, even if these edges are not visible in the
final drawing.

8. Calculate the ranking of the graph. The result is depicted in figure 3 h).
9. Reduce the number of crossings by reordering the nodes of each rank.

10. The non-hierarchical edges which have been removed temporarily in step 6
are reinserted. In figure 3 i) the association between sub::c1 and sub::c3
and the composition and the connection to its association class are resinser-
ted.

11. Remove the second level hierarchy because the information is not considered
in the following steps. This is shown in figure 3 j).

12. Perform subtree crossing optimizations in order to rearrange the graph and
eliminate edge crossings which have to be expected by regarding the non-
hierarchical subset of edges which was integrated in the last step.

13. Iteratively calculate the coordinates of the nodes with respect to the space
needed by nodes and edges connected to the nodes. Especially arrange the
contained nodes in a close vicinity and calculate packages e.g. in the same
step. Then calculate the layout of the non-hierarchical edges. The default
layout for non-hierarchical edges is an orthogonal layout as shown in figure
3 k). Note that association classes are not respected in this step.

14. Reintegrate compound nodes which have been inserted in step 4 except of
disconnected nodes removed in step 6. Because coordinates have been assig-
ned to compound nodes in the last step, the graph has to be laid out again



300 H. Eichelberger and J. Wolff von Gudenberg

by searching minimum displacements for the affected nodes. This is shown
in figure 3 l).

15. Search an optimal placement for disconnected nodes and reinsert them into
the graph. The final layout including the hidden edges to the virtual root is
shown in figure 3 m).

c7

c8sub::c1

sub::c2

sub::c3

sub::c4

c5

sub::cA

sub

sub c7

sub::c1 sub::c3 c8

sub::c2 sub::cA sub::c4

c5

c7

c8sub::c1

sub::c2

sub::c3

sub::c4

c5

sub::cA

sub

c6comment

sub c7

c8sub::c1

sub::c2

sub::c3

sub::c4

c5

sub c7

sub::c1 sub::c3 c8

c5

sub::c4sub::c2 sub::cA

sub c7

sub::c1 sub::c3 c8

c5

sub::c4sub::c2 sub::cA

l)

h)

m)k)

i) j)

Fig. 3. The several steps of our algorithm (continued).

3.3 The Framework

The framework for the drawing of graphs as described above may be instantia-
ted and adapted in 2 ways. Choose the appropriate algorithm for the particular
application or insert more steps.
Sugiyama’s original algorithm (steps 8,9,13) layouts an acyclic digraph as a le-
veled structure. A transformation to an acyclic graph may proceed the compu-
tation, if necessary.

3.4 Minimization of Edge Crossings

N-level backtracking is a newly developed edge-crossing minimization algorithm.
The usual heuristics (except of [11] e.g.) used for edge-crossing minimization are
clearly superior in run-time but they only look into adjacent ranks.
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Algorithm 1 N-level backtracking crossing minimization
Require: GR = (V R, E) as input, ranks are assigned to all nodes

for all v ∈ V R do
unmark(v)

end for
repeat

clast = crossings(GR)
for r = 0 to max

v∈V R
rank(v) do

nodes(r) = {v|v ∈ V R ∧ rank(v) = r}
if |nodes(r)| > 1 then

regardRank(GR, nodes(r))
end if

end for
until |{v|v ∈ V R ∧ ¬marked(v)}| = 0 ∨ clast < crossings(GR)

Algorithm 2 regardRank
Require: GR = (V R, E), N ⊆ V R as input

n = node with max
n0∈{n1|n1∈N∧¬marked(n1)}

|children(n0)|
for all m ∈ N − n do

c0 = rankcrossings(r)
cG = crossings(GR)
exchange(n, m)
if c0 > rankcrossings(r) then

regardRank(GR, children(m))
end if
if cG > crossings(GR) then

mark(m)
else

exchange(m, n)
exit loop

end if
end for

4 javac2UMLscript

4.1 JTransform

Information on source code to be analyzed may be retrieved from the parsers
implemented in source code engineering tools like SNiFF+ or CASE tools like
Rational Rose or MID Innovator. Because most parsers are not implemented as
a platform independent API (Application Programming Interface) which may be
distributed free from vendor licences we decided to implement a common parsing
API for source code in Java. The parsing API called JTransform implements
an object-oriented parser which works on the instructions and method calls
included in the source code. JTransform creates a configurable parse tree which
represents pieces of comments as well as dependencies given by package imports,
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nested and inner classes, inheritance relations and structural features of classes.
Different kinds of iterators on the parse tree produce different kind of output. By
subclassing the API it can be specialized to analyze code as well as comments.
The following list gives some of the possible applications of JTransform:

1. Transform source code into XMI (XML Metadata Interchange), UMLscript
[2] (the program is called javac2UMLscript), GXL [13]. Check the source for
backward conformance to the model when the source changes.

2. Calculate simple source code and object-oriented metrics.
3. Work on formatted comments, like specified for the javadoc tool:

a) Check the comment of a method against the signature of the methods.
b) Generate javadoc templates from signatures into the source code.
c) Transform comments written in HTML into XML, XHTML or other

formats.
4. Check or provide pretty printing of source code and comments.

In order to visualize Java software especially the transformation of source code
into meta formats like XMI and UMLscript is important. But also the backward
direction if a piece of source code is conformant to a meta language specification
of the software system is interesting.

4.2 Detailed Features

Our compiler javac2UMLscript translates Java source code to UMLscript. It is
generated as an extendable parser by the parser generator JavaCup [14] construc-
ting a parse tree and visitor interface for this tree. The UMLscript generator is
one possible visitor. It is able to generate more semantic information than a li-
sting of classes with their attributes and methods. Inner classes, generalizations
and associations are recognized. Information about imported classes is gathered.
Methods are classified into different categories by their intended purpose. There
are predefined categories like �constructor�, categories which can be speciali-
zed by the user by denoting the entries as regular expressions (like in PERL) in
the project file and user defined categories.

The input to the compiler is a project file containing the source codes to be
parsed and some constraints controling the visualization process.

5 Conclusions and Further Development

In [1] we described, that current tools dealing with UML are not capable to
calculate an appropriate layout of UML class diagrams. Therefore we proposed
an algorithm which respects most of the sophisticated features of UML class
diagrams like association classes, containment of nodes in packages and attached
comments. Furthermore we described an extendible parser which can be used to
test new approaches in the recognition of design patterns and the visualization
of differences between several versions of a program.
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mypackage java

+ JTest
~array:int
−name:String
~tests:String
~dbl:double
~fl:float
~ch:char
~lg:long
+Int:int
~sh:short
#bt:byte
#btl:byte
−bool:boolean
+main( args:String,  t:JTest)
#CreateImp( cnt:int,  div:int,  type:Class,  ret:Imp,  k:int):Imp
+JTest( s:java::lang::String)

java::io

«interface»
~ Interface

+doIt( i:int)

«interface»
+ Serializable

~ impl

+doIt( i:int)

~ Imp
−nr:int
+work( j:int,  i:int):int
+Imp( i:int)
+Imp()

~ NewImp

+exec():boolean
+NewImp( i:int)
+NewImp( i:int,  b:boolean)

Fig. 4. A Java compiler test file which contains a lot of structural features like packages
and a non-standard notation of inner classes (layout of nested structures).

SugiBib can be used in different ways: as a standalone class diagram viewer, as
a browser component, a batch rendering application and as a layout component
to be plugged into a common CASE tool. A possible drawback may be the input
language UMLscript. Hence, we will consider to switch the input language. This
will considerably enlarge the applicability of the framework.

The parser will be extended by more visitors that extract information on
design patterns, mark differences between two versions of a program, or work on
formatted comments (cf. 4.1).
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Fig. 5. A diagram generated by SugiBib showing a modified bridge pattern. Placement
of isolated classes will be improved.

6 Sample Pictures

Some sample pictures demonstrate the current state of the implementation. They
are automatically generated from Java source code which is available on request.
Different colors (or gray shadings in this printout) indicate further features of
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«interface»
+ TreeNode

«others»
+visit(visitor:
 ParseTreeNodeVisitor)
+visitNode(visitor:
 ParseTreeNodeVisitor,
 unvisit:boolean):boolean
+setLinePos(linePos:int)
+setEndPos(endPos:int)
+setStartPos(startPos:
 int)
+getLinePos():int
+getEndPos():int
+getStartPos():int
+getNextNonCommentNode(node:TreeNode):TreeNode
+getParentClass():TreeNode
+getParentClassOrInterface():TreeNode
+getParent():TreeNode

+ String + Object
«interface»

+ Enumeration

«interface»
+ ExpressionNode

«implementsTreeNode»
+visitNode(visitor:
 ParseTreeNodeVisitor,
 unvisit:boolean):boolean
+getParent():TreeNode
«others»
+getStringRepresentation():String
+calculatePos()
+setParent(parent:
 TreeNode)
+getNonExpressionParent():TreeNode

+ SimpleTreeNode
#linePos:int
#endPos:int
#startPos:int
+emptyEnum:Enumeration=
 elements() {frozen}
#emptyVector:Vector=new
 Vector() {frozen}
«constructors»
+SimpleTreeNode()
«implementsTreeNode»
+visit(visitor:
 ParseTreeNodeVisitor)
+visitNode(visitor:
 ParseTreeNodeVisitor,
 unvisit:boolean):boolean
+setLinePos(linePos:int)
+setEndPos(endPos:int)
+setStartPos(startPos:int)
+getLinePos():int
+getEndPos():int
+getStartPos():int
+getNextNonCommentNode(
 node:TreeNode):TreeNode

«interface»
+ StatementNode

+ ExpressionParseTreeNode
#parent:TreeNode
«constructors»
+ExpressionParseTreeNode()
«debugging»
#calculateStartPos(expression:
 Object, sp:int)
«implementsExpressionNode»
+calculatePos()
+setParent(parent:TreeNode)
+getNonExpressionParent(n:
 TreeNode):TreeNode
+getParent():TreeNode
«implementsTreeNode»
+getParentClass(p:TreeNode):TreeNode
+getParentClassOrInterface(p:
 TreeNode):TreeNode
«others»
+addChild(child:TreeNode)
+getStringRepresentation(
 expression:Object):String {frozen}
+callVisitNode(expression:Object,
 visitor:ParseTreeNodeVisitor,
 unvisit:boolean, e:Enumeration) {frozen}
+setExpressionParent(expression:
 Object):Object
+getChildren():Enumeration

+ Vector + ParseTreeNode
#parent:TreeNode
«constructors»
+ParseTreeNode(parent:
 TreeNode)
«overridesSimpleTreeNode implementsTreeNode»
+visit(visitor:
 ParseTreeNodeVisitor, sub:
 boolean, c:Enumeration)
+getNextNonCommentNode(
 node:TreeNode, index:int,
 result:TreeNode):TreeNode
«debugging»
+debugToString():String
«implementsTreeNode»
+getParentClass(p:TreeNode):TreeNode
+getParentClassOrInterface(p:
 TreeNode):TreeNode
+getParent():TreeNode
«others»
#checkVariableName(name:
 String):ParseTreeNode
+restoreNaturalOrder()
+sortChildren(comp:
 Comparator, set:TreeSet)
+addChild(child:TreeNode)
−internChilds(c:Vector):Vector
+indexOfChild(child:
 ParseTreeNode, c:Vector):int
+getnChildren(c:Vector):int
+getChild(index:int, c:Vector)
 :ParseTreeNode
+firstChild(c:Vector):ParseTreeNode
+lastChild(c:Vector):ParseTreeNode
+getChildren(c:Vector):Enumeration
+getParentFile(p:TreeNode):FileNode
«overloads»
#toString(format:String,
 result:StringBuffer, c:
 Enumeration):String {frozen}
+toString():String {frozen}
+findTypeOfVariable(name:
 String, reference:
 ParseTreeNode):ParseTreeNode
+findTypeOfVariable(name:
 String):ParseTreeNode {frozen}

+ PackageNode
#name:String
«constructors»
+PackageNode(parent:
 PackageNode, name:
 String)
«debugging»
+debugToString():String
«others»
+getnFiles(count:int, n:
 Enumeration, o:Object,
 fnode:FileNode, name:
 String):int
«overridesParseTreeNode»
+findTypeOfVariable(name:
 String, reference:
 ParseTreeNode):ParseTreeNode
«overridesSimpleTreeNode»
+visitNode(visitor:
 ParseTreeNodeVisitor,
 unvisit:boolean):boolean
«readingAccessors»
+getName():String

+ FileNode
#packageEndPos:int
#packageStartPos:int
#imports:Vector
#name:String
«constructors»
+FileNode(parent:PackageNode,
 name:String, imports:Vector,
 packageStartPos:int,
 packageEndPos:int)
«debugging»
+debugToString():String
«others»
+getImports():Enumeration
«overridesParseTreeNode»
+findTypeOfVariable(name:
 String, reference:
 ParseTreeNode):ParseTreeNode
«overridesSimpleTreeNode»
+visitNode(visitor:
 ParseTreeNodeVisitor, unvisit:
 boolean):boolean
«readingAccessors»
+getPackageEndPos():int
+getPackageStartPos():int
+getName():String

+ ExpressionStatementNode
#expression:Object
«constructors»
+ExpressionStatementNode(
 parent:StatementNode,
 expression:Object)
«overridesSimpleTreeNode implementsTreeNode»
+visitNode(visitor:
 ParseTreeNodeVisitor, unvisit:
 boolean, sub:boolean):boolean
«debugging»
+debugToString():String
«readingAccessors»
+getExpression():Object

Fig. 6. The core diagram of JTransform. Most of the parse tree nodes have been
omitted. Ellipses (...) will be generated by a future version of javac2UMLscript.

methods which are also obtained by source code analysis. Currently the ortho-
gonal layout of flat edges is not optimal, since their relative positions of hidden
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nodes are determined too early and the implementation of the layout of associa-
tion classes is not finished so far.
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Abstract.

We discuss the algorithm engineering aspects of AGD, a software library of algorithms
for graph drawing. AGD represents algorithms as classes that provide one or more
methods for calling the algorithm. There is a common base class, also called the type of
an algorithm, for algorithms providing basically the same functionality. This enables us
to exchange components and experiment with various algorithms and implementations
of the same type. We give examples for algorithm engineering with AGD for drawing
general non-hierarchical graphs and hierarchical graphs.

1 Introduction

One of the most important points of criticism that designers of graph drawing
software must face is that drawing styles are fixed and their is usually little
freedom for the users to influence the results according to their specific needs.
On the other hand, the most popular paradigms for drawing hierarchical and
non-hierarchical graphs are really only methodological frames that require speci-
fic decisions to be made by the software designer. E.g., Sugiyama-style methods
consist of three phases: layering, crossing minimization, coordinate assignment,
and for each phase there is a variety of possible implementations to choose from.
Similarly, the planarization method is really a frame that consists of the three
phases “topology-shape-metrics”, in the first of which the drawing’s topology
is fixed, in the second, the shape of the edges is determined, and in the third,
vertex and edge bend coordinates are assigned. Again, there is a variety of im-
plementations to choose from, and these decisions have a great impact on the
appearance of the final drawing.
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The development of the AGD software, an object-oriented C++ class libr-
ary of Algorithms for Graph Drawing, has started in 1996. The goal has been
to provide users with a toolbox to create their own implementations of graph
drawing algorithms according to their specific needs and thus, bridge the gap
between theory and practice in the area of graph drawing.

Algorithm Engineering aims at providing new techniques and tools for the
design of efficient algorithms and for the formal and experimental analysis of the
performance of algorithms.

For drawing general non-hierarchical graphs, Batini et al. [BTT84,BNT86]
suggested a method based on planarization which often leads to good drawings
for many applications. However, until 1996, no publically available software lay-
out tool used the planarization method. The reason for this was twofold: On
the one hand, a lot of expertise is necessary concerning planarity testing algo-
rithms, combinatorial embeddings, planar graph drawing algorithms, and (often
NP-hard) combinatorial optimization problems. On the other hand, great effort
is needed to implement all necessary algorithms and data structures, since the
planarization method consists of various phases that require complex algorithms.

Recently, major improvements have been made concerning the use of the
planarization method in practice (e.g., [JM96b,FK96,GM98,GM00,GMW01]).
Today, there exist some (publically available) software libraries using the pla-
narization method successfully for practical graph layout [AGD00,GDT,GT98].
In AGD, the planarization method is implemented in a modular form, so that
it is easy to experiment with different approaches to the various subtasks of the
whole approach. This enables experimental comparisons between various algo-
rithms in order to study and understand their impact on the final drawing. Not
only in graph drawing, the empirical study of combinatorial algorithms is getting
increasing attention.

Another reason for building AGD was our intention to show how mathe-
matical methods can help to produce good layouts. Many of the optimization
problems in graph drawing are NP-hard. However, this does not mean that it
is impossible to solve them in practice. AGD shows that problem instances can
often be solved to provable optimality within short computation time by using
polyhedral combinatorics and branch-and-cut algorithms.

The most important design feature in AGD for algorithm engineering is the
representation of algorithms as classes that provide one or more methods for
calling the algorithm. Thus, a particular instance of an algorithm is an object
of that class, which can also maintain optional parameters of the algorithm as
member variables. Algorithms providing basically the same functionality (e.g.,
computing a subgraph or drawing a graph) are derived from a common base
class, which we call the type of the algorithm, i.e., algorithms of the same type
support a common call interface. This allows to write generic functions that only
know the type of an algorithm. The type is rather general, but can be refined by
declaring a precondition (e.g., the input graph has to be biconnected or planar)
and a postcondition (e.g., the produced drawing is straight-line and contains no
crossings). The precondition specifies how the algorithm can be applied safely.
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Fig. 1. A screenshot of AGD showing a mixed-model drawing and its options

We call an instance of an algorithm together with its pre- and postcondition
a module. Pre- and postconditions are sets of basic properties (e.g., properties of
graphs like planar, acyclic or biconnected, or properties of drawings like ortho-
gonal or straight-line). AGD maintains dependencies between these properties,
such as “biconnected implies connected”, or “a tree is a connected forest”, in a
global rule system.

AGD provides a general concept for modeling subtasks of algorithms as
exchangeable modules. Such a subtask is represented by a module option that
knows the module type, a guaranteed precondition (which always holds when
the algorithm is called), and a required postcondition (which must hold for the
output of the algorithm). The current module itself is stored as a pointer. In
order to set a module option, a particular module is passed and automatically
checked if it satisfies the requirements, i.e., it has the correct type, the gua-
ranteed precondition implies its precondition, and its postcondition implies the
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required postcondition. These implications are checked using the global rule sy-
stem for properties. Figure 1 shows a screenshot of AGD displaying a graph with
62 vertices and 89 edges drawn with a planar drawing algorithm.

In this paper, we would like to demonstrate how the design of AGD supports
algorithm engineering for graph drawing. We can group the graph drawing algo-
rithms contained in AGD according to the classes of graphs for which they are
useful. Section 2 describes algorithm engineering in the context of drawing ge-
neral non-hierarchical graphs. We focus on the planarization method, for which
algorithm engineering is especially interesting in the pursuit of finding most
pleasing drawings by experimenting with various approaches to the generic ba-
sic phases of the method. Also hierarchical graph drawing consists of various
phases that are interesting subjects for an algorithm engineering approach. Sec-
tion 3 discusses the modular design in AGD for drawing hierarchical graphs.
Finally, some technical details of the design of AGD are given in Section 4.

2 Algorithm Engineering for Non-hierarchical
Graphs

In this section we will mainly focus on the planarization method and its im-
plementation in AGD. General non-hierarchical graphs can also be drawn using
force-directed methods. Indeed, most available software tools for graph drawing
use force-directed methods. They are especially useful for drawing very sparse,
tree-like graphs. AGD contains implementations of the spring-embedder algo-
rithm by Fruchterman and Reingold [FR91], and the algorithm by Tutte [Tut63].
However, for many applications, e.g., data base visualization or software design,
the planarization method leads to much nicer layouts.

The idea of the planarization method is to first transform the given graph into
a planar graph and then apply a planar graph drawing algorithm for creating
the layout. The method draws on many beautiful results that graph theorists
and algorithm designers have obtained in the last few decades. It typically pro-
duces drawings with a small number of crossings. AGD contains a very flexible
implementation of the planarization method (PlanarizationGridLayout) that
was originally proposed in [BTT84,BNT86]. So far, all planar layout routines in
AGD generate grid drawings, i.e., the computed coordinates are integer. This
is supported with the GridLayoutModule. The AGD modules involved in the
planarization method are shown in Fig. 2.

2.1 The Planarization Phase

In the planarization phase, realized in AGD by the class PlanarizerModule,
any procedure transforming the given graph G into a planar graph G′ is allo-
wed. One can imagine that a method generating a random or a force-directed
layout and then substituting the crossings by artificial vertices could be a
PlanarizerModule. AGD offers the possibility of adding and creating any new
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LayoutModule

CompactionModule

PostCompactionModule

OptCompaction

TurnRegularityCompaction

PlanarizerModule

SubgraphPlanarizer
subgraph
inserter

GridLayoutModule
PlanarizationGridLayout

planar_layouter
planarizer

PureOrthogonalLayout
compactor

post_compactor

QuasiOrthogonalLayout
compactor

post_compactor

GiottoLayout
compactor

post_compactor

ShortestPathInserter
embeddings

remove_reinsert

OneEdgeMinCrossInserter
embeddings

OrthogonalLayout
compactor

post_compactor

SubgraphModule

PlanarSubgraph
runs

SPQRTree
OptPlanarSubgraph

<planar>

<planar>

<no_crossings>

<no_crossings>

<<uses>>

LongestPathCompaction

FlowCompaction

EdgeInsertionModule

Fig. 2. Modules for drawing non-hierarchical graphs

method for planarizing a graph via substituting edge crossings by artificial ver-
tices.

Our experiments have shown that, in order to keep the number of crossings
small, it is advantageous to use a SubgraphPlanarizer module. Subgraph pla-
narization works in two steps: First, a (large) planar subgraph of the input graph
G is computed. Then, the deleted set of edges is reinserted into the planar graph
while trying to keep the number of edge crossings small. In order to get the
transformed planar(ized) graph G′, the crossings are substituted by artificial
vertices.

The problem of finding a planar subgraph of maximum size is NP-hard. AGD
contains a heuristic PlanarSubgraph [JLM98] based on PQ-trees, which achieves
good results in practice, and a branch-and-cut algorithm OptPlanarSubgraph
to solve the problem to optimality [JM96b]. Both algorithms are implemented
as a SubgraphModule. This makes it easy to select an existing one or to add a
new algorithm as a new subgraph module.

In the following, we will concentrate on the algorithm engineering aspects
for the edge reinsertion phase. This step determines the number of crossings in
the final drawing. When reinserting the removed edges, the edge crossings are
represented by artificial vertices with degree four. Edge insertion algorithms are
derived from the module type EdgeInsertionModule (see Fig. 2). The problem
of reinserting all the edges such that the number of crossings is minimized is
again NP-hard.

Heuristics often proceed iteratively and insert the edges one after the
other. The standard procedure in the literature [EM99,TBB88] is to deter-
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(b) Optimal embedding

Fig. 3. The influence of the combinatorial embedding

mine a combinatorial embedding and then to insert the edges iteratively while
keeping the embedding fixed. This method is implemented in AGD as module
ShortestPathInserter. However, fixing the embedding can lead to many more
crossings than necessary even if only one edge needs to be reinserted.

Recently, Gutwenger, Mutzel, and Weiskircher [GMW01] have presented a
conceptually simple linear-time algorithm (based on SPQR-trees) for inserting
an edge into a planar graph with the minimum number of crossings over the set
of all combinatorial embeddings. In AGD, this algorithm is implemented in the
module OneEdgeMinCrossInserter.

All edge insertion modules provide optional heuristics which can improve the
quality of the solution significantly. The two algorithms that fix an embedding
allow calling the algorithm for several randomly generated embeddings and select
the best solution. The number of embeddings is controlled by the parameter
embeddings. Generating random combinatorial embeddings requires computing
the SPQR-tree for each biconnected component [DT96]. AGD provides a linear-
time implementation of SPQR trees [GM00] in the class SPQRTree.

Experiments show that significant improvements are achieved if, in a post-
processing step, a set S of edges is removed from the graph and reinserted. In
each such step, the number of crossings can only decrease. All three edge ins-
ertion algorithms support this heuristic, which is controlled by the parameter
remove reinsert. Possible settings are none (skip postprocessing), inserted
(apply postprocessing with all reinserted edges), and all (apply postprocessing
with all edges in the graph).

Figure 3(a) shows a graph for which the standard iterative edge insertion
leads to 14 crossings if a random combinatorial embedding is chosen. In this
case the drawing has a grid size of 22 × 22. However, when taking the optimum
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one edge insertion module and adding the remove and reinsert algorithm for
all edges, the resulting drawing has only 11 crossings and has size 16 × 22 (see
Fig. 3(b)). This is a good example that shows how the size of the drawing
increases with the number of crossings.

2.2 The Planar Graph Drawing Phase

The planarization phase leads to a planar graph G′ containing artificial vertices.
Replacing all artificial vertices with edge crossings in a drawing of G′ results in
a drawing of the input graph G. We prefer to use orthogonal or quasi-orthogonal
algorithms because, in this case, an edge crossing is drawn as two crossing hori-
zontal and vertical line segments. In orthogonal graph drawing (all edge segments
are drawn horizontally or vertically), an important goal is to keep the number
of bends small.

Many minimum cost flow-based algorithms are available for this task (see
Fig. 2): In a first step (bend minimization) a flow in an underlying net-
work determines the shape of the orthogonal drawing. A second step (com-
paction) deals with assigning the coordinates to the vertices and bends. The
library contains the classical bend-minimizing algorithm of Tamassia [Tam87],
which is applicable if the maximum degree of the input graph is at most
four (PureOrthogonalLayout). For graphs with vertices of higher degree, AGD
contains three extensions of Tamassia’s algorithm: Giotto (GiottoLayout)
[TBB88] and two variations of the quasi-orthogonal drawing algorithm in [KM98]
(QuasiOrtogonalLayout and OrthogonalLayout).

The AGD library contains several algorithms for the compaction phase within
the topology-shape-metrics approach. Construction heuristics assign coordina-
tes to vertices and bends of a given orthogonal representation which encodes
the shape of a planar orthogonal drawing. Improvement heuristics operate di-
rectly on a layout and try to decrease its total edge length and area. This di-
vision is reflected in the library: The user chooses a construction method (from
CompactionModule or PostCompactionModule) and optional improvement heu-
ristics (from PostCompactionModule). The former transforms the orthogonal
representation by introducing artificial edges and vertices. By changing the op-
tions of the compaction algorithms, there are different techniques available for
this transformation. AGD’s constructive heuristics include longest path-based
or flow-based compaction with rectangular dissection (LongestPathCompaction
and FlowCompaction) [Tam87] and two variants of a flow-based compaction tech-
nique based on the property of turn-regularity (TurnRegularityCompaction)
[BDD+00]. For the improvement phase, AGD offers iterative application of com-
paction with longest path or flow computations (LongestPathCompaction and
FlowCompaction) as used in the area of VLSI-design, see, e.g., [Len90]. In addi-
tion, AGD provides an implementation of the integer linear programming-based
approach by Klau and Mutzel (OptCompaction) [KM99] that produces an opti-
mum drawing in terms of minimum total length or maximum edge length.

The modular design of the compaction phase proved very useful in a recent
experimental study [KKM01]. All combinations of constructive and improvement
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(a) longest-path (b) flow-based (c) optimal

Fig. 4. The influence of different compaction algorithms

heuristics could easily be compared against each other and against the optimum
values provided by the integer linear programming-based algorithm. One of the
main insights of this study has been that flow-based compaction should always
be used as an improvement method. Figure 4 shows the output of two different
compaction strategies and a corresponding optimum solution.

2.3 Planar Graphs

In addition to the (quasi-)orthogonal planar drawing algorithms described with
the planarization method, the following planar drawing algorithms are contained
in AGD (the corresponding AGD modules are shown in Fig. 5).

AGD contains an implementation of the Kandinsky algorithm
KandinskyLayout) [FK96] which is not yet available as a module in the
planarization method, but can be used for planar graphs with arbitrary vertex
degrees. Unlike other flow-based orthogonal drawing methods, the Kandinsky
algorithm places vertices and bends as points on a coarse grid and routes the
edges in a finer grid as sequences of horizontal and vertical line segments. A
variant of the algorithm uses a common grid for vertices and edges. Vertices are
represented as boxes whose size is bounded by the vertex degree.

Probably, the best known planar graph drawing algorithm is the one by
de Fraysseix et al. [DPP90]. This seminal paper shows that a planar graph with
n vertices can always be drawn without bends and crossings on a grid of size
polynomially bounded in n. The idea is to first augment the graph by additional
edges in order to obtain a triangulated planar graph. Then, a so-called canonical
ordering for triangulated planar graphs is computed, and finally, the vertices
are placed iteratively according to this ordering. Theoretically, the straight-line
planar drawing problem was solved. However, the drawings did not look nice,
especially not after the deletion of edges added in the augmentation step. Also,
the angular resolution was not good. Recently, some work has been done to im-
prove the aestetic quality of the drawings. Generalizing the canonical ordering
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LayoutModule

GridLayoutModule

VisibilityRepresentation

ConvexLayout

CanonicalOrder

ConvexDrawLayout

KandinskyLayout

FPPLayout

SchnyderLayout

MixedModelLayout
augmenter

PlanarStraightLayout
augmenter

PlanarDrawLayout
augmenter

<planar biconnected><no_crossings>

LEDAMakeBiconnected

PlanAug

OptPlanAug

AugmentationModule

<planar biconnected>

<<uses>>

<<uses>>

Fig. 5. Modules for drawing planar graphs

to triconnected [Kan96] and to biconnected planar graphs [GM97] already leads
to a big improvement. This can be seen by using AGD, since implementations
of all three canonical orderings (CanonicalOrder) and the corresponding pla-
cement algorithms are included in the system (FPPLayout, ConvexLayout, and
PlanarStraightLayout).

The problem of the angular resolution has been solved by introducing some
bends within the lines representing the edges, leading to pleasant polyline dra-
wings [Kan96,GM98]. AGD contains an implementation of the mixed-model al-
gorithm by Gutwenger and Mutzel [GM98] (MixedModelLayout). Figure 1 shows
a screenshot of AGD displaying a graph drawn with the mixed-model algorithm.

In order to apply the drawing algorithms to planar graphs that are not
necessarily biconnected, augmentation algorithms (realized as a Augmenta-
tionModule) are used for augmenting a planar graph to a biconnected planar
graph. This augmentation problem consisting of adding the minimum number
of edges is NP-hard. AGD provides a simple heuristic using depth-first-search
(LEDAMakeBiconnected), the 5/3-approximation algorithm by Fialko and Mut-
zel [FM98] (PlanAug) that in most cases yields a solution which is very close
to an optimum solution, and a branch-and-cut algorithm for exact optimization
(OptPlanAug) [Mut95,JM94,Fia97].

In addition, AGD contains implementations of planar graph drawing algo-
rithms, e.g., two algorithms for producing convex drawings of triconnected planar
graphs (ConvexLayout [Kan96] and ConvexDrawLayout [CK97]), generalizati-
ons of these algorithms to general planar graphs [GM97] (PlanarDrawLayout),
and an algorithm for producing weak visibility representations [RT86]
(VisibilityRepresentation). Recently, we started to experiment with planar
cluster drawing algorithms. Here, certain sets of vertices (“clusters”) that may
be nested, need to be placed within convex regions.

Some of the mentioned planar graph drawing algorithms yield very good
results in terms of angular resolution, readability, area or number of bends (in
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Fig. 6. Modules for drawing hierarchical graphs

particular, the Kandinsky and the mixed-model algorithm, also see Fig. 1). It
is our long term goal to make these algorithms available in AGD within the
planarization approach. The problem with these algorithms is that they cannot
easily cope with the artificial (crossing) vertices of G′.

3 Algorithm Engineering for Hierarchical Graphs

Hierarchical graphs are directed graphs that must be drawn such that all edges
run in the same direction (e.g., downward). Since this is only possible for acyclic
graphs, non-acyclic graphs are made acyclic by temporarily reversing some ed-
ges. AGD provides a flexible implementation of the Sugiyama algorithm [STT81]
(see Fig. 7 for two sample drawings), represented by the module SugiyamaLayout
that consists of three phases. For each phase, various methods have been pro-
posed in the literature. The available AGD modules and their dependencies are
shown in Fig. 6.

In the first phase, handled by modules of type RankAssignment, the ver-
tices of the input graph G are assigned to layers. If G is not acyclic, then
we compute a maximal acyclic subgraph and reverse the edges not contai-
ned in the subgraph. The problem of finding an acyclic subgraph of maxi-
mum size is NP-hard. AGD contains two linear-time heuristics for solving
the problem (LEDAMakeAcyclic based on depth-first-search and a greedy al-
gorithm (GreedyCycleRemoval) [EL95]), as well as a branch-and-cut algorithm
(OptAcyclicSubgraph) [GJR85] which is able to solve the problem to provable
optimality within short computation time.

Currently, AGD contains the following algorithms for computing a layer assig-
nment for an acyclic graph in which the edges are directed from vertices on a lo-
wer level to vertices on a higher level. LongestPathRanking is based on the com-
putation of longest paths and tries to minimize the number of layers (height of
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Fig. 7. A hierarchical graph drawn with different modules for the third phase

the drawing), OptNodeRanking minimizes the total edge length [GKNV93] (here
the length of an edge is the number of layers it spawns), CoffmanGrahamRanking
computes a layer assignment with a predefined maximum number of vertices on
a layer (width of the drawing) [CG72], and DfsRanking simply uses depth-first-
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search and handles general graphs. If edges spawn several layers, they are split
by inserting additional artificial vertices such that edges connect only vertices
on neighboring layers.

The second phase determines permutations of the vertices on each layer such
that the number of edge crossings is small. The corresponding optimization pro-
blem is NP-hard. A reasonable method consists of visiting the layers from bottom
to top, fixing the order of the vertices on the layer and trying to find a per-
mutation of the vertices on the upper next layer that minimizes the number of
crossings between edges connecting the two adjacaent layers (2-layer crossing mi-
nimization). Then, the algorithm proceeds from top to bottom and so on until the
total number of crossings does not decrease anymore. SugiyamaLayout contains
a sophisticated implementation of this method, which uses further improvements
like calling the crossing minimization several times (controlled by the parameter
runs) with different starting permutations, or applying the transpose heuristic
described in [GKNV93].

Several heuristics for 2-layer crossing minimization have been proposed. AGD
provides implementations of the BarycenterHeuristic [STT81], MedianHeu-
ristic [EW86], WeightedMedianHeuristic [GKNV93], SiftingHeuristic
[MSM99], SplitHeuristic [EK86], GreedySwitchHeuristic [EK86], and
GreedyInsertHeuristic [EK86]. Furthermore, a branch-and-cut algorithm for
optimum solutions based on [JM96a] is implemented (OptCrossMin).

The third phase, handled by modules of type HierarchyLayoutModule, com-
putes the final coordinates of the vertices and bend points of the edges, respecting
the layer assignment and ordering of the vertices on each layer. AGD contains
two implementations. The first (OptCompCoord) tries to let edges run as verti-
cal as possible by solving a linear program, the second (FastHierarchyLayout)
proposed by Buchheim, Jünger, and Leipert [BJL00] guarantees at most two
bends per edge and draws the whole part between these bends vertically. Fi-
gure 7 shows a hierarchical graph drawn with the method proposed in [BJL00]
(top), and drawn with the LP-based approach (bottom).

Some more specific classes of hierarchical graphs require algorithms that
exploit their special structure. E.g., trees can be drawn nicely in AGD using
the algorithm by Reingold and Tilford [RT81] and Walker [Wal90]. Moreover,
st-planar graphs can be drawn by the algorithm suggested in [DTT92].

4 Design Details

AGD [AGD00] is an object-oriented C++ class library, which is based on the
two libraries LEDA [MN99] and ABACUS [JT00]. LEDA provides basic data
types and algorithms, e.g., the data type for the representation of graphs. ABA-
CUS is a framework for the implementation of branch-and-cut algorithms. The
ABACUS library is only used by branch-and-cut algorithms, whereas the whole
basic functionality of AGD is independent of ABACUS. Therefore, we split the
library into two parts, the basic part AGD and the part AGDopt that contains all
ABACUS dependent classes. This makes it possible to use a subset of the algo-
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rithms in AGD without having an ABACUS installation – a LEDA installation
is sufficient in this case.

Graph drawing algorithms that are tightly connected with a particular visua-
lization component (e.g., a graph editor) or use very specialized data structures
for representing a drawing (e.g., with many graphical attributes like line styles,
text fonts, . . . ) are of limited use because it is difficult to integrate them into an
application program. Each application is forced to support at least the same set
of graphical attributes. Therefore, we decided to define a basic set of attributes
which are required by graph drawing algorithms. An application must support
these basic attributes, but can also use many more. Basic attributes of a node
are the width and height of a rectangular box surrounding its graphical repre-
sentation and the position of the center of this representation. Considering only
the rectangular outline is convenient and sufficient for graph drawing algorithms.
Basic attributes of an edge are simply the bend points of its line representation
and the two anchor points connecting the line to its source and target nodes.
The graph drawing algorithms in AGD access the basic attributes using a generic
layout interface class. For a particular visualization component, an implementa-
tion is derived from the generic class and some virtual functions are overridden.
The implementation class is responsible for storing the attributes. When a graph
drawing algorithm is called, an object of this implementation class is passed and
used by the algorithm to produce the layout.

An implementation of the generic layout interface for LEDA’s graph editor
GraphWin is already part of AGD, as well as a simple data structure for storing
a layout. The latter is particularly useful for testing algorithms when it is not
necessary to display the computed layout. AGD comes with two demo programs,
agd demo and agd opt demo based on GraphWin, that realize a graph editor
with sophisticated layout facilities. Both programs allow to experiment with the
various algorithms of AGD, i.e., changing options and using different algorithms
for subproblems. They can also be extended and adapted by developers, since
their source code is part of AGD. If an application program is not written in C++,
it is not possible to use AGD algorithms via the library directly. A solution for
such applications is provided by the program agd server by Stefan Näher. The
server allows to use AGD algorithms via a file or socket interface. The program
reads the graph in GML format [Him97] from a given input file and loads the
AGD options that specify the layout algorithm from a second file. Then, the
selected algorithm is applied and the result is written back to the input file,
again in GML format.

The following code fragment gives a programming example with AGD. It
shows how to set the planarizer option for the planarization layout.

OptPlanarSubgraph optSub;
OneEdgeMinCrossInserter optInsert;
optInsert.removeReinsert(EdgeInsertionModule::all);

SubgraphPlanarizer planarizer;
planarizer.set_subgraph(optSub);
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planarizer.set_inserter(optInsert);

PlanarizationLayout plan;
plan.set_planarizer(planarizer);

We use a subgraph planarizer called planarizer and set its subgraph option
to a module for computing an optimal planar subgraph and its edge insertion
option to the OneEdgeMinCrossInserter with the removeReinsert option set
to all. Finally, we call the planarization layout algorithm plan for a graph
myGraph with the layout information myLayout (containing information on the
size of the vertices, the position of the vertices, and the position of the bend
points):

plan.call(myGraph,myLayout).
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Abstract.

GXL (Graph eXchange Language) is designed to be a standard exchange format for
graph-based tools. GXL is defined as an XML sublanguage, which offers support for
exchanging instance graphs together with their appropriate schema information in a
uniform format. Formally, GXL is based on typed, attributed, ordered directed graphs,
which are extended by concepts to support representing hypergraphs and hierarchical
graphs. Using this general graph model, GXL offers a versatile support for exchanging
nearly all kinds of graphs.
This report intends to give a short overview on the main features of GXL.

1 Motivation and Background

A great variety of software tools relies on graphs as internal data representa-
tion. A standardized language for exchanging those graphs offers a first step in
improving interoperability between these tools. For instance, a common graph in-
terchange format allows building a powerful reverse engineering workbench. Such
a reverse engineering workbench composes various graph-based tools like extrac-
tors (e. g. scanner, parser), abstractors (e. g. query tools, structure recognition
tools, slicing tools etc.), and visualizers (e. g. graph and diagram visualizer, code
browser). [22] gives an overview on existing combinations of tool components
used in various reverse engineering projects.

The development of GXL (Graph eXchange Language) aims at supporting
data interoperability between reverse engineering tools. GXL was ratified as
standard exchange format in reverse engineering at the Dagstuhl Seminar ”In-
teroperability of Reverse Engineering Tools” in January 2001 [4]. But since GXL
was developed as a general format for describing graph structures, it is appli-
cable in further areas of tool interoperability. Especially, GXL is used to define
the graph part in the exchange format GTXL (Graph Transformation eXchange
Language) [17], [34].
� This paper is an extended abstract of [37].
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GXL originated in a merger of GRAph eXchange format (GraX) [7], Tuple
Attribute Language (TA) [21], and the graph format of the PROGRES graph
rewriting system [32]. The graph models used here were supplemented by ad-
ditional concepts to handle hierarchical graphs and hypergraphs. Furthermore,
GXL includes ideas from common exchange formats used in reverse enginee-
ring, including Relation Partition Algebra (RPA) [27] and Rigi Standard Format
(RSF) [38]. The development of GXL was also influenced by various formats
used in graph drawing, e. g. daVinci [10], GML [16], XGMML (eXtensible Graph
Markup and Modeling Language) [39], and GraphXML [20]. Thus, GXL covers
most of the important graph formats. GXL can be viewed as a generalization of
these formats.

Exchanging graphs with GXL deals with both instance graphs and their cor-
responding graph schemas. Firstly, GXL offers a versatile support for exchanging
all kinds of graphs based on typed, attributed, directed, ordered graphs including
hypergraphs and hierarchical graphs. Secondly, GXL offers means for exchanging
graph schemas representing the graph structure, i. e. the definition of node and
edge types, their attribute schemas and their incidence structure. Both, instance
graphs and graph schemas, are exchanged by XML documents (Extended Mar-
kup Language) [35].

This paper introduces into the basic concepts of GXL version 1.0 for exchan-
ging instance graphs (cf. section 2) and graph schemas (cf. section 3). The lan-
guage definition of GXL is given by its XML document type definition (DTD).
Section 4 summarizes the current usage of GXL.

A more comprehensive description of GXL is given in [37]. Up-to-date infor-
mation including tutorials and further GXL documents are collected at http:
//www.gupro.de/GXL.

2 Exchanging Graphs

Due to their mathematical foundation and algorithmic power, graphs are a com-
mon data structure in software engineering. Different graph models, e. g. direc-
ted graphs, undirected graphs, node attributed graphs, edge attributed graphs,
node typed graphs, edge typed graphs, ordered graphs, relational graphs, acyclic
graphs, trees, etc. or combinations of these graph models are utilized in many
software systems. To support interoperability of graph based tools, the under-
lying graph model has to be as rich as possible to cover most of these graph
models.

Such a common graph model is given by typed, attributed, directed, ordered
graphs (TGraphs) [6], [7]. TGraphs are directed graphs, whose nodes and edges
may be attributed and typed. Each type can be assigned an individual attri-
bute schema specifying the possible attributes of nodes and edges. Furthermore,
TGraphs are ordered, i. e. the node set, the edge set, and the sets of edges in-
cident to a node have a total ordering. This ordering gives modeling power to
describe sequences of objects (e. g. parameter lists) and facilitates the implemen-
tation of deterministic graph algorithms. In applying TGraphs to the sketched
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graph models, not all properties of TGraphs have to be used to their full extent.
These graph models can be viewed as specializations of TGraphs. Exchanging
TGraphs with GXL is introduced in section 2.1

To offer support for hypergraphs and hierarchical graphs, TGraphs were ex-
tended by n-ary edges and by nodes and edges containing lower level graphs.
GXL language constructs for exchanging those extended graphs are sketched in
section 2.2. The complete GXL language definition in terms of an XML docu-
ment type definition is given in section 2.3.

2.1 Exchanging Typed, Attributed, Directed, Ordered Graphs

The UML object diagram (cf. [31]) in figure 1 shows a node and edge typed, node
and edge attributed, directed, ordered graph representing a program fragment on
ASG (abstract syntax graph) level. Function main calls function a = max(a, b)
in line 8 and function b = min(b, a) in line 19.

v1 : Function

name = "main"

v4 : Function

name = "max"

v6 : Variable

name = "a"

v7 : Variable

name = "b"

v5 : Function

name = "min"

v2 : FunctionCall v3 : FunctionCall

e1 : isCaller

line = 8

e2 : isCaller

line = 19

e3 : isCallee e4 : isCallee
e6 : isInput

e7 : isInput

e5: isInput e8 : isInput

{1}{1} {2}{2}

e9 : isOutput e10 : isOutput

Fig. 1. Typed, attributed, directed, ordered graph

The functions main, max and min are represented by nodes of type Func-
tion. These nodes are attributed with the functions’ name. FunctionCall nodes
represent the calls of functions max and min. FunctionCall nodes are associated
to the caller by isCaller edges and to the callee by isCallee edges. isCaller edges
are attributed with a line attribute showing the line number which contains the
call. Input parameters (represented by Variable nodes that are attributed with
the variables’ name) are associated by isInput edges. The ordering of parameter
lists is given by ordering the incidences of isInput edges pointing to FunctionCall
nodes. The first edge of type isInput incident to function call v2 (modeling the
call of max(a,b)) comes from node v6 representing variable a. The second edge
of type isInput connects to the second parameter b (node v7 ). The incidences
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of isInput edges associated with node v3 model the reversed parameter order.
Output parameters are associated to their function calls by isOutput edges.

Exchanging graphs like the one in figure 1 requires language constructs for
representing nodes, edges and their incidence relation. Furthermore, support for
describing type information and attribute values is needed.

<?xml version = ”1.0” ?>
<!DOCTYPE gxl

SYSTEM ”gxl-1.0.dtd”>
<gxl>
<graph id = ”simpleGraph”

edgeids = ”true”>
<type xlink:href =
”schema.gxl#Schema”/>
<node id = ”v1” >

<type xlink:href =
”schema.gxl#Function”/>
<attr name = ”name” >

<string>main</string>
</attr>

</node>
<node id = ”v2” >

<type xlink:href =
”schema.gxl#FunctionCall”/>

</node>
<node id = ”v3” >

<type xlink:href =
”schema.gxl#FunctionCall”/>

</node>
<node id = ”v4” >

<type xlink:href =
”schema.gxl#Function”/>
<attr name = ”name” >

<string>max</string>
</attr>

</node>
<node id = ”v5” >

<type xlink:href =
”schema.gxl#Function”/>
<attr name = ”name” >

<string>min</string>
</attr>

</node>

<node id = ”v6” >
<type xlink:href =
”schema.gxl#Variable”/>
<attr name = ”name” >

<string>a</string>
</attr>

</node>
<node id = ”v7” >

<type xlink:href =
”schema.gxl#Variable”/>
<attr name = ”name” >

<string>b</string>
</attr>

</node>
<edge id = ”e1”

from = ”v2” to = v1”>
<type xlink:href =
”schema.gxl#isCaller”/>
<attr name = ”line” >

<int>8</int>
</attr>

</edge>
<edge id = ”e2”

from = ”v3” to = v1”>
<type xlink:href =
”schema.gxl#isCaller”/>
<attr name = ”line” >

<int>19</int>
</attr>

</edge>
<edge id = ”e3”

from = ”v4” to = v2”>
<type xlink:href =
”schema.gxl#isCallee”/>

</edge>
<edge id = ”e9”

from = ”v6” to = v2”
<type xlink:href =
”schema.gxl#isOutput”>

</edge>

<edge id = ”e5”
from = ”v6” to = v2”
toorder = ”1”>
<type xlink:href =
”schema.gxl#isInput”/>

</edge>
<edge id = ”e6”

from = ”v7” to = v2”
toorder = ”2”>
<type xlink:href =
”schema.gxl#isInput”/>

</edge>
<edge id = ”e7”

from = ”v6” to = v3”
toorder = ”2”>
<type xlink:href =
”schema .gxl#isInput”/>

</edge>
<edge id = ”e8”

from = ”v7” to = v3”
toorder = ”1”>
<type xlink:href =
”schema.gxl#isInput”/>

</edge>
<edge id = ”e9”

from = ”v6” to = v2”
<type xlink:href =
”schema.gxl#isOutput”>

</edge>
<edge id = ”e10”

from = ”v7” to = v3”
<type xlink:href =
”schema.gxl#isOutput”>

</edge>
</graph>
</gxl>

Fig. 2. GXL representation of graph from figure 1

Figure 2 depicts the graph from figure 1 as GXL document. XML documents
start with specifying the XML version and the underlying document type defi-
nition, here ”gxl-1.0.dtd” (cf. figure 3). The body of a GXL document is enclosed
in <gxl> tags. The GXL document in figure 2 contains a graph with a unique
identifier ”simpleGraph”. The graph refers to its associated graph schema object
Schema (cf. section 3) stored in file schema.gxl.

Nodes and edges of a given graph are depicted by <node> and <edge> ele-
ments which can be addressed by their id attribute. Incidence information of ed-



328 A. Winter, B. Kullbach, and V. Riediger

ges including edge orientation is stored in from and to attributes within <edge>
tags. Ordering of incidences is also modeled here. Attributes fromorder and toor-
der represent the position of an edge in the incidence list of its start and target
node.

Node and edge types are represented by links pointing to the appropriate
schema information. These links are enclosed in <type> elements.

<node> and <edge> elements may additionally contain further attribute
information. <attr> elements describe attribute names and values. Like OCL
[36], GXL provides <bool>, <int>, <float>, and <string> attributes. Further-
more, enumeration values (<enum>) and URI-references (<locator>) to exter-
nally stored objects are supported. Attribute values might be substructured.
Here, GXL offers composite attributes like sequences (<seq>), sets (<set>),
multi sets (<bag>), and tuples (<tup>).

2.2 Exchanging Extended Graphs

In addition to typed, attributed, ordered, directed graphs, GXL provides the
exchange of hypergraphs and hierarchical graphs.

Hypergraphs contain n-ary edges (hyperedges) connecting not only two adja-
cent nodes. Hyperedges are exchanged by <rel> elements, containing references
to the incident graph objects. These references (tentacles) are stored in <relend>

elements (relation end).
Edges can be viewed as 2-ary hyperedges. Thus, in GXL, edge information

can be represented by binary hyperedges. Since graphs with (binary) edges are wi-
despread in software engineering and most applications deal with graphs instead
of hypergraphs, GXL offers both, the element <edge> for exchanging (binary)
edges and and the element <rel> for hyperedges.

Like binary edges, tentacles may be directed or undirected as well as ordered.
The ordering of tentacles incident to their target object and the ordering of
tentacles with respect to their hyperedge object is represented analogously to
the ordering of incident edges by using XML attributes.

Hierarchical graphs are graphs where nodes, edges, and hyperedges contain
further graphs. GXL supports exchanging hierarchical graphs by nesting those
inner graphs as <graph> elements in their enclosing node, edge, and hyperedge
representation.

2.3 GXL Document Type Definition

The language features of GXL for exchanging typed, attributed, directed, orde-
red graphs (cf. section 2.1) and extended graphs (cf. section 2.2) are summarized
in a conceptual model defining the graph model supported by GXL. The GXL
graph model is completely described at http://www.gupro.de/GXL/ (graph mo-
del) with its graph structure part and its attribute part.

Since GXL is an XML sublanguage, the GXL graph model had to be tran-
scribed into an XML document type definition (DTD) or an appropriate XML

http://www.gupro.de/GXL/
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schema definition. To keep GXL simple and less verbose, this translation was
done by hand. The resulting DTD (cf. figure 3, a commented version is given
at http://www.gupro.de/GXL (DTD)) requires only 18 XML elements. In con-
trast, an appropriate DTD generated with IBMs XMI Toolkit [23] according
the XML Metadata Interchange (XMI) principles for developing DTDs [26, sec-
tion 3] requires 66 elements for the GXL core and and additional 63 elements
for XMI and Corba related aspects.

<!– extensions –>
<!ENTITY % gxl-extension ”” >
<!ENTITY % graph-extension ”” >
<!ENTITY % node-extension ”” >
<!ENTITY % edge-extension ”” >
<!ENTITY % rel-extension ”” >
<!ENTITY % value-extension ”” >
<!ENTITY % relend-extension ”” >
<!ENTITY % gxl-attr-extension ”” >
<!ENTITY % graph-attr-extension”” >
<!ENTITY % node-attr-extension”” >
<!ENTITY % edge-attr-extension”” >
<!ENTITY % rel-attr-extension ”” >
<!ENTITY % relend-attr-extension”” >

<!– attribute values –>
<!ENTITY % val ” locator | bool | int |

float | string | enum |
seq | set | bag | tup
% value-extension;” >

<!– gxl –>
<!ELEMENT gxl (graph* %gxl-extension;) >
<!ATTLIST gxl

xmlns:xlink CDATA #FIXED
”www.w3.org/1999/xlink”

%gxl-attr-extension; >

<!– type –>
<!ELEMENT type EMPTY>
<!ATTLIST type

xlink:type (simple) #FIXED ”simple”
xlink:href CDATA #REQUIRED >

<!– graph –>
<!ELEMENT graph (type? , attr* ,

( node | edge | rel )*
%graph-extension;) >

<!ATTLIST graph
id ID #REQUIRED
role NMTOKEN #IMPLIED
edgeids ( true | false ) ”false”
hypergraph ( true | false ) ”false”
edgemode ( directed | undirected |

defaultdirected |
defaultundirected)
”directed”

%graph-attr-extension; >

<!– node –>
<!ELEMENT node (type? , attr*, graph*

%node-extension;) >
<!ATTLIST node

id ID #REQUIRED
%node-attr-extension; >

<!– edge –>
<!ELEMENT edge (type?, attr*, graph*

%edge-extension;) >
<!ATTLIST edge

id ID #IMPLIED
from IDREF #REQUIRED
to IDREF #REQUIRED
fromorder CDATA #IMPLIED
toorder CDATA #IMPLIED
isdirected ( true | false ) #IMPLIED
%edge-attr-extension; >

<!– rel –>
<!ELEMENT rel (type? , attr*, graph*, relend*

%rel-extension;) >
<!ATTLIST rel

id ID #IMPLIED
isdirected ( true | false ) #IMPLIED
%rel-attr-extension; >

<!– relend –>
<!ELEMENT relend (attr* %relend-extension;) >
<!ATTLIST relend

target IDREF #REQUIRED
role NMTOKEN #IMPLIED
direction ( in | out | none) #IMPLIED
startorder CDATA #IMPLIED
endorder CDATA #IMPLIED
%relend-attr-extension; >

<!– attr –>
<!ELEMENT attr (type?, attr*, (%val;)) >
<!ATTLIST attr

id IDREF #IMPLIED
name NMTOKEN #REQUIRED
kind NMTOKEN #IMPLIED >

<!– locator –>
<!ELEMENT locator EMPTY >
<!ATTLIST locator

xlink:type (simple) #FIXED ”simple”
xlink:href CDATA #IMPLIED >

<!– attribute values –>
<!ELEMENT bool (#PCDATA) >
<!ELEMENT int (#PCDATA) >
<!ELEMENT float (#PCDATA) >
<!ELEMENT string (#PCDATA) >
<!ELEMENT enum (#PCDATA) >
<!ELEMENT seq (%val;)* >
<!ELEMENT set (%val;)* >
<!ELEMENT bag (%val;)* >
<!ELEMENT tup (%val;)* >

Fig. 3. GXL Document Type Definition

http://www.gupro.de/GXL
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3 Exchanging Graph Schemas

Graphs only offer a plain structured means for describing objects (nodes) and
their interrelationship (edges, hyperedges). Graphs have no meaning of their
own. The meaning of graphs corresponds to the context in which they are used
and exchanged. The application and interchange context determines

– which node, edge, and hyperedge types are used,
– how nodes, edges, and hyperedges of given types are related,
– which attribute structures are associated to nodes, edges, and hyperedges,

and
– which additional constraints (like ordering of incidences, degree-restrictions

etc.) have to be complied.

This schematic data can be described by conceptual modeling techniques. Class
diagrams offer a suited declarative language to define graph classes with respect
to a given application or interchange context [7].

3.1 Describing Graph Classes by UML Class Diagrams

In GXL, graph classes are defined by UML class diagrams [31]. Figure 4 shows
a graph schema defining classes of graphs like the one given in figure 1. Node
classes (FunctionCall, Function, and Variable) are defined by classes. Edge clas-
ses (isCallee, isInput, and isOutput) are defined by associations. Attributed edge
classes (isCaller) are described by association classes. Like classes, they contain
the associated attribute structures. The orientation of edges is depicted by a
filled triangle (cf. [31, p. 155]. Multiplicities denote degree restrictions. Ordering
of incidences is indicated by the keyword {ordered}.

Function

name : string

Variable

name : string

FunctionCall
isCallee

0 ..*

1

1

0 ..* 0 ..*
0 ..*

isCaller

line : int

{ordered}

isCaller

isInput

isOutput

1

0 ..*

Fig. 4. Graph schema (UML class diagram)

In a similar way, UML class diagrams offer language constructs to model
classes of hyperedges (diamonds) and classes of attributed hyperedges (diamonds
with an associated class). The definition of hierarchical graphs requires an ad-
ditional language construct representing graph classes themselves. This is done
by <<GraphClass>> stereotypes.

To offer up-to-date conceptual modeling power, the GXL schema notation
provides generalization of node-, edge-, and hyperedge classes as well as aggre-
gation and composition by using the appropriate UML notation.
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3.2 Describing Graph Classes by Graphs

Since UML class diagrams are structured information themselves, they may be
represented as graphs as well. For exchanging graph schemas in GXL, UML class
diagrams are transfered into equivalent graph representations. Thus, instance
graphs and schemas are exchanged with the same type of document, i. e. XML
documents matching the GXL DTD (cf. section 2.3).

In contrast to the strategy proposed by XML Meta Data Interchange (XMI)
[26], GXL schemas are not exchanged by XML documents according to the
Meta Object Facility (MOF) [25]. XMI/MOF offers a general, but very verbose
format for exchanging UML class diagrams as XML streams. By generating indi-
vidual document type definitions to a given UML class diagram, it also supports
exchanging instance graphs as XML documents. Next to its exaggerated verbo-
sity, which contradicts the requirement for exchange formats of as compact as
possible documents, the XMI/MOF approach requires different types of docu-
ments for representing schema and instance graphs. Especially in applications
dealing with schema information on instance level (e. g. in tools for editing and
analyzing schemas), this leads to the disadvantage of different documents repre-
senting the same information, one on instance level (as XML document) and one
on schema level (as XML DTD). The GXL approach treats schema and instance
information in exactly the same way. Schema and instance graphs are exchanged
according to the DTD given in Figure 3.

name = "isCallee"
isAbstract = false
isDirected = true

name = "isInput"
isAbstract = false
isDirected = true

name = "isCaller"
isAbstract = false
isDirected = true

e1 : to
limits = (0,-1)

isOrdered = false

name = "Function"
isAbstract = false

name = "Variable"
isAbstract = false

v7: AttributeClass
name = "line"

v9 : Int

v8: AttributeClass
name = "name"

v10 : String

e3 : to
limits = (0,-1)

isOrdered = false

e2 : from
limits = (1,1)

isOrdered = false

e4 : from
limits = (1,1)

isOrdered = false

e7 : hasAttribute

e8 : hasDomain

e9 : hasAttribute e10 : hasAttribute

e11 : hasDomain

name = "isOutput"
isAbstract = false
isDirected = true

e11 : to
limits = (0,-1)

isOrdered = false

e6 : from
limits = (0,-1)

isOrdered = false

e12 : from
limits = (1,1)

isOrdered = false

isCallee : 
EdgeClass

isCaller : 
EdgeClass

isInput : 
EdgeClass

isOutput : 
EdgeClass

Function : 
NodeClass

Variable : 
NodeClass

schema: GraphClass
name = "Schema"

e5 : to
limits = (0,-1)

isOrdered = true

FunctionCall : 
NodeClass

name = "FunctionCall"
isAbstract = false

contains

Fig. 5. Graph schema (schema graph)
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Figure 5 depicts the transformation of the class diagram in figure 4 into a
node and edge typed, node and edge attributed, directed graph. Node classes,
edge classes, attributes and their domains are modeled by nodes of suitable
node types. Their attributes describe further properties. Interrelationships bet-
ween surrogates of these classes are represented by edges of proper types. Attri-
bute information is associated with surrogates of node classes, edge classes and
associations by hasAttribute and hasDomain edges. from and to edges model in-
cidences of associations including their orientation. Multiplicities of associations
are stored in limits-attributes. The boolean attribute isOrdered indicates ordered
incidences.

Further attribute types and extended concepts like graph hierarchy, classes of
hyperedges, aggregation and composition, generalization and default attribute
values are modeled analogously.

GXL documents, representing instance graphs of a given graph schema re-
fer to those nodes of the equivalent schema graph representing node classes
(NodeClass) and edge classes (EdgeClass). The graph class itself is represented
by a GraphClass node. This node is connected by contains edges to all surro-
gates of node and edge classes defined in this graph class. Schema references
in GXL-documents refer to these GraphClass nodes in GXL schema graphs (cf.
the type element of graph simpleGraph in figure 2). In figure 5 nodes representing
these class definitions are shaded. These items are refered to by the instance
graph in figure 1.

GXL views edges as first class objects which have their own identity, might be
typed and attributed, and might be included in a generalization hierarchy. Thus,
surrogates of associations and associated classes have to be connected to furt-
her information. For generality and simplicity reasons GXL schema graphs are
restricted to ordinary typed, attributed, directed graphs. Hence, this edge-like
information is represented by nodes as well. Although the GXL DTD provides
edges connecting edges, GXL schema graphs do not use this feature.

The graph class of correct GXL schema graphs is represented as a GXL
schema. A UML diagram representing thisGXL metaschema is presented with its
graph part, its attribute part, and its value part at http://www.gupro.de/GXL/
(meta schema).

Each UML class diagram defining a GXL graph schema can be represented by
a graph (schema graph) matching the GXL metaschema. Thus, schema graphs
are instances of the GXL metaschema. They are exchanged like all instance
graphs (cf. section 2) referring to a GXL document, here representing the GXL
metaschema. Since the schema graph representing the GXL metaschema is an
instance of itself, it is exchanged by a self referring GXL document.

4 Using GXL

At the Dagstuhl seminar on ”Interoperability of Reverse Engineering Tools”
GXL version 1.0 was ratified as the standard exchange format in reverse enginee-
ring [4]. Currently, various groups in software (re)engineering are implementing

http://www.gupro.de/GXL/
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GXL import and export facilities to their tools (e. g. Bauhaus [1], Columbus [8],
CPPX [3], Fujaba [11], GUPRO [18], PBS [28], RPA (Philips Research), PROG-
RES [29], Rigi [30], Shrimp [33]). Others are going to implement tools to support
working with GXL. For instance, a framework for GXL Converters [12] and an
XMI2GXL translator [40] were developed at Univ. BW München. Further ac-
tivities deal with providing graph query machines (GReQL, Univ. Koblenz) to
GXL graphs or GXL-based graph databases (Univ. Aachen).

An important feature of GXL is its support for exchanging schema informa-
tion. Based on this capability, reference schemas for certain standard applications
in reverse engineering are currently under development. These activities address
reference schemas for data reverse engineering (DRE, Univ. Namur, Paderborn,
Victoria), the Dagstuhl Middle Model [24] or abstract syntax graph models for
C++ [3], [9].

Furthermore, groups developing graph transformation tools (e. g. GenSet [15],
PROGRES [29]) or graph visualization tools (e. g. GVF [19], Shrimp [33], yFiles
[41]) already use GXL or pronounced to use GXL. At University of Toronto,
GXL is applied within an undergraduate software engineering course to create
a graph editor/layouter [5].

GXL also serves as foundation to define further graph oriented exchange for-
mats. Thus, GXL defines the graph part in the exchange format GTXL (Graph
Transformation eXchange Language) [17], [34]. Activities in the graph drawing
community also deal with the development of an exchange format for graph
layout [13]. In a panel on graph exchange formats at Graph Drawing 2001 in
Vienna [14] GXL and GraphML [2] were discussed and compared. There is evi-
dence of combining the structure part of GXL with the graph layout part and
the modularization part of GraphML to form a general and comprehensive graph
exchange format.

5 Conclusion

The previous sections gave a short introduction in the GXL Graph eXchange
Language version 1.0 and its current applications.

Summarizing, GXL offers an already widely used XML sublanguage for inter-
changing typed, attributed, directed ordered graphs including hypergraphs and
hierarchical graphs including their appropriate schemas. By focusing on graph
structure, GXL provides the core for defining a family of special suited graph
exchange formats.
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Abstract.

When working with complex software, visualization improves understanding consider-
ably. Thus, enhancing the ability of programmers to picture the relationships bet-
ween components in a complex program not only saves time but becomes progressively
mission-critical with increasing software complexity.
aiCall is a software visualization tool which helps programmers to better understand
their software, generally improving learning, speeding up development and saving con-
siderable effort and expense. aiCall visualizes the call graph and the control flow graph
of embedded application code. Currently supported targets are Infineon C16x [EBF01,
Inf97] and STMicroelectronics ST10. These microcontroller families are very popular
and widely used in consumer goods (cellular phones, CD-players, washing machines)
and in safety-critical environments (airbags, navigation systems, and automotive con-
trols).

1 Introduction

The complexity of embedded software increases continuously. Typical applicati-
ons have to handle many sources of inputs which often requires complex interrupt
handling code. Furthermore, embedded applications are usually time-critical
and/or safety-critical. Due to the ”embedded” aspect the use of debuggers is
often restricted.

The source code of an application basically contains all the information about
execution behavior. However, trying to understand the program at the textual
level is usually a very tedious and time-consuming task, even though ”intelligent”
editors and CASE tools may be helpful.

Advanced static program analysis tools can help the developers of embedded
systems to master the increasing complexity [Mar98]. There are natural program
representations that can be automatically computed from the source code, e.g.
the call graph and control flow graph. These graphs are often used in the in-
termediate program representation in compilers [WM95,ASU86]. Owing to the
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tremendous development of graph layout techniques in recent years and the avai-
lability of powerful graph browsers, it is now possible to graphically visualize the
call graph and control flow graph for the program developer.

Fig. 1. Call graph of the Dhrystone benchmark application (Manhattan Layout, graph
orientation left-to-right)

2 Brief Description of aiCall

aiCall analyzes the input assembly files in .src format as produced by the Tasking
C compiler for C16x/ST10 and produces a textual and human-readable repre-
sentation of the call graph and the control flow graph in GDL (graph description
language [Abs,EB]). The integral parts of aiCall are:

– Frontend driver program: provides the graphical user interface and allows
.src files to be selected for visualization.

– Translation program src2crl: reads the input assembly files and produces an
intermediate representation of the call graph and control flow graph in the
control flow representation language CRL[Lan99].
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– Optional static program analysis modules, e.g. the Stack Usage Analysis
Module, which automatically calculates the stack usage of application tasks.

– Translation program crl2gdl: reads the CRL file and produces a GDL speci-
fication of the call graph and the control flow graph.

– Backend: Graph layout software aiSee [aGVS].

aiSee calculates a customizable graph layout, which is then displayed and
can be interactively explored and printed. aiSee implements fast layout calcu-
lation and convenient browsing of huge graphs, excellent graph readability, and
supports recursive nesting of subgraphs. The latter point is mandatory for a
hierarchical representation of complex software structures.

Fig. 2. Control flow subgraphs: Assembly view and C source code view

3 Hierarchy Description

The top-level graph is the call graph. It shows the calling relationship between
procedures, represented by nodes. An edge represents a call to a procedure (see
Figure 1). External procedures are shown in a different color, enabling the in-
terface to modules to be easily identified. The user can display a color legend
together with the call graph. The graph colors are fully customizable.
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Using subgraph nesting operations in the graph browser enables the content
of a procedure, i.e. the procedure’s control flow graph to be visualized. The
nodes of the control flow graph represent basic blocks (straight line sequences of
assembly instructions) and edges represent the control flow within the procedure
(see Figure 2). In the C Source View, the basic blocks are labeled with C source
code snippets. Again, the subgraph nesting operations enable the user to view the
content of a basic block, i.e. the sequence of assembly instructions corresponding
to the particular C source code snippet.

The subgraph nesting operations enable interwoven call control-flow graphs
to be explored, thus allowing the programmer to concentrate on certain parts
of the graph and explicitly analyze specific points of interest. Additional node
tooltips enable viewing source code comments, internal addresses and source file
destinations (see Figure 3).

Fig. 3. Interwoven call graph and control flow graph with node tooltips
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4 Navigation

The graph browser supports scaling of graphs and provides several features for
navigating through graphs. The features include centering arbitrary nodes and
setting the focus on one procedure, while hiding the surrounding call graph.
Furthermore, the user can interactively explore a path through the graph by
means of following edges.

aiSee features various layout algorithms and a number of customizable layout
parameters like graph orientation, distance between nodes, edge styles, etc. (See
Figure 4.) The animation features (smooth transitions) allow the user to keep
track of the changes induced by relayout or subgraph nesting operations.

Fig. 4. Normal layout and linearized layout. In the linearized layout, the vertical order
of basic blocks corresponds to their position in the C source file. Thus, the linearized
layout algorithm provides for an even better view of initial C source code structures
like loops and conditional jumps.

When working with huge graphs, zooming on a focus can result in losing
sight of important contextual information. Therefore, aiCall provides an over-
view window (panner) and sophisticated graph distortion techniques (polar and
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cartesian fish-eye views [Abs,San91]) in order to improve working with large
graphs.

The panner offers a scaled-down view of the entire graph in a separate win-
dow, whereas fish-eye views imitate the well-known fish-eye lens effect by ma-
gnifying the focus area and displaying other parts of the graph with less detail.
The parts of the graph that are further away from the focus appear slightly
squashed, meaning the further nodes are positioned away from the focus, the
smaller they appear in the graph window. Thus, the user can concentrate on
areas of particular interest yet being able to consider their context and even to
overview the entire graph (see Figure 5).

Fig. 5. Polar fish-eye view

5 Program Documentation

aiCall integrates a complete framework for printing graphs, export of graphs in
colored Postscript format (on multiple pages for large graphs) and other picture
formats. This permits more concise program documentation produced faster and
understood more easily.
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6 Compatibility with Code Optimization

aiCall is compatible with the Code Compaction Suite aiPop [Fer01,FH01b]. ai-
Pop automatically reduces code size and improves the code quality of assembly
files produced by the Tasking C compiler for C16x/ST10 (see Figure 6). The op-
timized files can be visualized with aiCall. aiCall also supports viewing the call
and control flow graphs of both original and optimized files in the same graph
window. aiCall fully supports the aiPop color coding scheme. Additional node
tooltips enable viewing detailed information about the optimizations performed
by aiPop.

Fig. 6. Control flow graph of a C16x/ST10 application before and after optimization
with aiPop

7 Integrating Stack Usage Analyses

In typical embedded systems programming, stack memory has to be allocated
statically by the programmer. Underestimating stack usage can lead to serious
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runtime errors which can be difficult to find. Overestimating stack usage means
a waste of memory resources. With an optional Stack Usage Analysis Module,
aiCall provides automatic tool support to calculate the stack usage of embedded
applications for C16x/ST10.

Fig. 7. Call graph with stack usage annotations

Stack height differences are shown as annotations in the call and control flow
graphs (see Figure 7). Critical program parts can be easily recognized thanks
to color coding. Additional node tooltips enable viewing detailed context in-
formation about the stack usage of particular instructions, basic blocks, and
procedures. The user can interactively select multiple entry points for the stack
usage analysis (see Figure 8).

With the Stack Usage Analysis Module, aiCall not only reduces development
effort but also helps to prevent runtime errors due to stack overflow. Furthermore,
the analysis results provide valuable feedback in optimizing the stack usage of
embedded applications [FH01a].
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8 Summary

aiCall enables a visualization of programs going far beyond standard textual
representation, thereby enhancing productivity, as complex program code can be
understood faster. aiCall is based on the graph layout software aiSee, formerly
known as VCG [San91], winner of the graph layout competitions in Princeton,
New Jersey, USA, in 1994 [TT94] and in Passau, Germany, in 1995 [Bra95].
aiSee provides for excellent graph readability, fast layout calculation even for
very large graphs, and a rich collection of features.

Fig. 8. Control flow subgraphs with stack usage annotations
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It has been a long way since Knowlton’s movie about list processing with the
programming language L6 [14]. Thousands of algorithm animations, hundreds of
systems, and numerous case studies and evaluations have been produced since.
But don’t get me wrong, it’s not all said and done? By and large software
visualization research has concentrated on a few aspects of software. So you
might ask, what should it concentrate on in the future? To answer this question
we present a quantitative map of existing research and discuss some cross-topic
research themes.

There exist several taxonomies for software visualization in the literature [20,
22,23,25]. We propose another one here for the sole purpose of identifying almost
unexplored research areas1. The taxonomy is based on what and not why or how
it is visualized.

Certainly there are various dimensions which could be used to categorize
research in software visualization. In Figure 1 we use two dimensions: the classi-
cal abstraction layers of a software system (hardware, virtual/abstract machine,
program and system) and the static and dynamic phenomena of these layers.
The map is incomplete in the sense that one could add additional layers (e.g.
operating system) or structures (e.g. project structure). In addition to the quali-
tative information we use shades of gray to indicate how much published research
exists in certain areas of software visualization. Dark gray indicates a high num-
ber (more than 100), medium gray a low number (more than 10) and light grey
almost no published research. The numbers are based on web searches using two
comprehensive search engines, namely CiteSeer (www.citeseer.com) and Google
(www.google.com). For the search we used the abstraction layers as keywords

1 Our taxonomy is closest to Myers’ taxonomy [20]. He proposes a 2 × 3 matrix
({dynamic, static}×{code, data, algorithm}), but provides no quantitative analysis.
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Fig. 1. A map of software visualization research

together with “visualization” or “software visualization”. E.g. for “algorithm vi-
sualization”, CiteSeer found 22 papers with these keywords in their titles, for
“program visualization” it found more than 300. Then we looked at the titles,
abstracts or contents to decide which aspect is covered by a paper. For the combi-
nation “abstract machine” and “visualization”, CiteSeer found no entries. Using
Google and browsing through 845 web pages which contained these keywords,
we found that there are more than 10 papers which address the topic of visuali-
zing abstract machines. As the same concepts go by different names in different
communities this study does not claim to be complete or comprehensive in any
way, but we think that it gives a rough orientation on the activity of research in
these areas.

1 Discussion and Examples

We will now discuss some of the regions in this research map and give examples of
prototypical or seminal work in the more unexplored regions including references
to articles in this volume.

Static Structure. The static structure of programs and systems has been visua-
lized in various ways including pretty printing, control-flow diagrams, and UML
diagrams. The reader certainly will have seen many of those before. Korhonen
et. al. [15] suggest to have students run a program once or more with different
input data and indicate the path coverage of those input data in the control flow
diagram.

Concrete Execution. The execution of (small) programs has been visualized in
various ways and many animations are accessible on the internet. The blurry
distinction of program and algorithm animations based on the level of abstraction
used in the visualization is widely accepted. Visualization systems to automate
the production of such animations have been created. They mostly differ in what
kinds of data structures and algorithms are visualized, and what programming
languages are used. Program animations have been mainly used in education.
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Abstract machines provide an intermediate language stage for compilation.
They bridge the gap between the high level of a programming language and the
low level of a real machine. The instructions of an abstract machine are tailo-
red to the particular operations required to implement operations of a specific
source language or class of source languages [7]. Visualizations of a few abstract
machines exist [10,18] and a web-based generator for interactive animations of
abstract machines called GANIMAM [8] has been developed as tool to teach and
design abstract machines.

Abstract Execution. Most work in algorithm animation addresses the visualiza-
tion of the execution of programs with concrete input data. The visual execution
of programs with abstract input data, i.e. representations which only reflect the
relevant properties, has hardly ever been investigated. Michail [19] uses abstract
states in form of partial trees, which represent a possibly infinite number of
trees, for visual programming of binary tree algorithms. There is a rich theory
of abstract interpretation as a basis for program analysis [21] and first results
on how to use this for visualization of programs [28,5].

Evolution. In the real world software systems are not designed and implemented
once and forever, but evolve over time. Metric data gathered during such an
evolutionary process has been visualized using typical information visualization
methods [1]. Configuration management systems are widely used to record and
control the evolution of software systems. VRCE [9] and WinCVS [26] extend
such configuration management systems by the ability to draw the version graph
of a single file.

2 Cross-Topic Research Themes

The increasing importance of software visualization in software engineering and
in particular in re-engineering is emphasized by two recent studies [16,17,3].
These studies reveal many weaknesses of existing tools. Koschke interviewed
more than 100 researchers in the areas of software maintenance, reverse enginee-
ring and re-engineering. About 40% feel that software visualization is absolutely
necessary for their research, for another 42% software visualization is important
but not critical.

Typical software issues like portability, scalability and maintainability are
certainly appropriate for software visualization systems as well, but we feel that
there are more genuine issues in software visualization. As noted by many authors
before, there is no such thing as the one right visualization technique, but we
might find ourselves in an even worse situation enhancing visualization methods
which are not useful at all because we visualize the wrong aspects of software.

Virtual Reality. Knight and Munro[13] evangelize 3D for software visualization.
Instead of visualizing graphs as nodes connected by lines, in their Software World
visualization [12] they use a buildings or even cities metaphor; nodes are rooms
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or buildings and edges are doors, aisles or streets. As a consequence natural
navigation through the graph is along these edges. Their work is technology
driven focussing on how and not what is visualized.

Distributed Applications. With the boost of the world-wide-web the trend to
distributed software systems has been reinforced. As Scott McNeally, CEO SUN
Microsystems, said: “The net is the computer”. It is characterized by appli-
cations with high heterogeneity. For example, a single application can employ
different programming languages, operating systems, protocols, security mecha-
nisms, and component technologies. Even worse, the structure of an application
can change at runtime depending on what resources are currently available on
the net. Communicating software agents belong to this kind of architectures.
Van Lengen and Bähr describe visual and interactive components allowing the
introspection and manipulation of such open applications [27].

Metaphors. Metaphors are commonplace in computer science: machines and
automata, tapes, states, nodes and edges, records, files, windows, just to name a
few. For example, a Turing machine is a mathematical model comprised of sets,
functions, and/or relations. The machine analogy lets us transport aspects from
the physical world to the mathematical and thus helps to better understand
the mathematical model. We might even think of gear wheels and how one
drives the others, once we start to turn one of them. A metaphor evokes a
mental image2. There is much evidence that we think in images and that in a
last step we verbalize our thoughts. Famous scientists like Kepler, Kekule3 and
Einstein reported that their scientific thinking started with images and at the
very last they tried to cast their results into formula. Mental images need not be
visual, but can be in any sense: hearing, touch, smell, or even mood. The goal
of software visualization is not to produce neat computer images, but computer
images which evoke mental images for comprehending software better. Finding
new metaphors thus will not just produce better visualizations, but it will also
improve the way we talk about systems. Fishwick [11] suggests visual metaphors
based on 3D computer graphics. Baloian and Luther [2] argue that software can
be visualized without producing computer images, but using other perception
channels to create mental images.

Visualization Pipeline. The creation of computer images is just the last step in
the visualization pipeline: data gathering, data analysis, and visualization. In
scientific visualization research is performed on all three phases. For software vi-
sualization use and development of analysis methods for focussing visualizations
have been neglected.

2 Given the non-conclusiveness of psychological evidence for what mental images are
[24] the current author dares to share his metacognitive view here [4].

3 He reported that a vivid dream of a snake eating its tail gave him the idea of the
structure of the Benzene Ring.
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System Visualization. Although software visualization is about software, we have
to realize that software is used in real world contexts. Thus we might define a
system as the combination of software, hardware (devices) and humans (users).
To support understanding and design of such systems, e.g. of work flows in such
a system, we have to visualize more than just the structure or execution of the
software. In addition the activity, which happens in the real world, must be
tracked or simulated.

3 Steering into the Future

“My interest is in the future because I am going to spend the rest of my
life there. ”

– C.F. Kettering

So what are the challenges in software visualization research and what are
the next steps to be taken to increase its impact? The following comments are
based on discussions with and suggestions of the authors of this volume.

Breaking New Ground. Considering the many unexplored research areas and
the discussion above, the answer to our initial question might be that software
visualization research should not concentrate on a certain topic in the future.We
expect that exploring all aspects at all layers of software will lead to synergies
and thus will ultimately stir the traditional areas of software visualization as
well.

Integration. Software visualization will be doomed to stay an academic endeavor,
if we do not succeed to integrate it into working environments and thus into the
work flow of programmers, designers and project managers. To facilitate such
integration existing standards must be adopted or extended, and if needed we
must agree upon new standards.

Theory. Certainly the effectiveness of software visualizations for all kinds of
applications must be evaluated. Based on such empiric data cognitive and pe-
dagogical theories can be formulated and validated. Ultimately, these should
guide the design and use of future software visualization systems.

Forum. As there is still no established journal, conference or workshop, many
research groups have been unaware of previous work and reinvented the wheel.
The software visualization community needs a forum to share best practices and
to promote the state of the art.

4 Conclusion

The papers in this volume give a snap shot of the current state of the art of soft-
ware visualization. All papers in this final chapter have two things in common:
they present research in those cross-topic themes discussed above and they are
off the beaten path and open the door for others to follow.
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Abstract.

Software visualization has been almost exclusively tackled from the visual point of view; this
means visualization occurs exclusively through the visual channel. This approach has its limita-
tions. Considering previous work for blind people we propose that complementing usual ap-
proaches with those techniques used to develop interfaces for non-sighted people can enhance
user awareness of logical structures or data types using different perception channels. To
achieve better comprehension, we deal with new or augmented interfaces built on top of stan-
dard systems for data visualization and algorithm animation. The notion of specific concept
keyboards is introduced. As a consequence, modern information and learning systems can be
designed in such a way that not only sighted but also blind users can navigate within these
systems.

1   Value and Problems of Software Visualization

Software visualization deals with the animation of algorithms, including numerical,
geometric, graphic, and graph algorithms, as well as the visualization of data struc-
tures in information systems or in the computer’s memory while certain complex
processes are performed. One of its main goals is to achieve a better understanding of
complex programs, processes, and data structures by means of showing complex dig-
itized images displayed on a CRT- or LCD-monitor or a printing device. Through
these images transmitted by the visual channel, users should generate planar or spatial
structures with dynamic objects in their minds.

 The visual channel permits a rapid overview of structures after an adequate ab-
straction process, a separation of important objects from less important ones whenever
the former are distinguishable by graphic attributes, and a real time processing of
dynamic process data output - furthermore, a strong data compression in the mind
accompanies the high-band wide reception process. However, the visualization ap-
proach has several remarkable consequences: Multidimensional structures are pro-
jected to a plane which results in numerous design problems and higher data struc-
tures; parallel processes are serialized leading to nested screens or dialogues. Here, we
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 will not contribute to the ‘Layout Creation and Adjustment Problem’ for graphs in
visualization and animation systems [9].

Too often, the resulting graphic outcome is highly complex if we consider raster-
ized animated sequences and is strongly compressed during the reception process.
Only a few details remain in memory. This fact is widely discussed in the literature. J.
Norseen [18] deals with the conversion of 2D retinal visual sensory information sig-
nals into 3D semiotic mental representations and describes a visual semiotic language
built from a finite alphabet of basic images: In constructing mental images certain left
occipital areas of the human brain seem to perform the same neurological functions
while the so-called Broca-Wernicke area does the conversion of aural sensory signals
into a finite set of sound types producing neurolinguistic patterns. Norseen suggests
that only about forty sound types and thirty images form the basis of expressed aural
and visual languages.

Consequently, it would seem to be of interest to bypass, or better still, to comple-
ment standard graphic displays and search for alternative ways to provide logical
structures using different perception channels to human minds provoking equivalent or
alternative impressions and images.

The paper begins with a discussion of parallel reception modes and introduces the
notion of concept keyboards. Then different ways for implementing an enhanced per-
ception are discussed; this is followed by a case study. We formulate some ideas on
the automatic generation of concept keyboards, look at recent work in the area and
finish with some conclusions.

2   Parallel Reception Modes

Our working hypothesis will be that not only sighted but also blind users should be
able to use and navigate within systems implementing new or augmented interfaces
using enhanced perception tools to achieve software visualization for the mind’s eye
[16]. Thus, we do not intend to develop a system for blind people only, on the con-
trary, we claim that by proposing complementary perception channels and navigating
facilities there will be a real enhancement for “normal users” when systems are navi-
gable and usable for people with disabilities.  It is reported in [17] that blind people
develop special forms of navigating within an unknown environment and represent
spatial structures with cognitive difficulty. This is true not only for  the real world but
also in virtual computer based environments. Certain evidence of this is given by
experiences done according to the HOMER UIMS approach by Savidis and Stephani-
dis [23]; this approach consists of developing dual user interfaces for integrating blind
and sighted people. To achieve this goal standard visualization elements like control
element icons, tool menus, short cuts, logical structures with nodes and links, hyper-
text, images and animated sequences are enriched with acoustic elements or haptic
interfaces, which allow direct interaction of the user with objects of the model used for
the computer to represent the problem being explained or presented. To navigate in-
dependently from the graphic output we introduce the idea of a draft keyboard, which
is realized by redefining keys on a traditional keyboard, by a matrix of small keys on a
graphic tablet or by mapping them with the help of problem-specific hardware.



356         N. Baloian and W. Luther

3   Ways to an Enhanced Perception

At present, virtual environments are basically built on visual displays, with some use
of auditory and very little haptic information. The International Community for Audi-
tory Display (ICAD) is a forum for presenting research on the use of sound to display
data, monitor systems providing enhanced user interfaces for computers and virtual
reality systems [12]. Research areas include the auditory exploration of data via soni-
fication and audification, perceptual issues in Auditory Display systems and sound in
immersive interfaces and virtual environments.

Mapping scientific data redundantly to visual and aural elements may increase the
perception of the information and can lead to better insight and understanding. Con-
veying the same information using different channels to transmit it to the user be-
comes an important design element in systems where the network bandwidth is lim-
ited.   

To complement the visual channel we have to design an acoustic interface which
delivers at least the same information as the graphic one. So we have to develop a
correspondence between visual and aural control elements as well as acoustic and
graphic attributes. An earcon characterized by a typical melody can be added to any
iconic control object. Earcons are abstract musical tones that can be used in structured
combinations to create auditory messages. In 1989 Meera Blattner [7] introduced
earcons as nonverbal audio messages to provide information to the user about com-
puter objects, operations or interactions. Earcons are constructed from simple melo-
dies also called motifs. A motif is a typical tonal pattern sufficiently distinct to repre-
sent an individual recognizable entity. The most important features of motifs are in-
strument, rhythm, and pitch. Earcons for such operations as ‘Play’, ‘Go left’, ‘Go
right’, ‘Forward’, ‘Back’, ‘Jump’, ‘Start’ and ‘Stop’ could be created. It is possible to
produce higher level earcons such as ‘Next problem’ or ‘Close program’ [8] and to
create hierarchical structures. For modeling objects in our virtual world the following
correspondences are possible:

Fig. 1. Correspondences between graphic and aural attributes

According to Bissell [6] people’s association between tonal pitch and spatial posi-
tion depends on the cultural context. Moreover, the correspondences proposed in Fig-
ure 1 do not fully match the established psycho-physiological basis for Western cul-
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ture. A tone, being of definite pitch, is the type of sound particularly relevant here.
Tones represent a striking metaphor of location and motion, a change in pitch is per-
ceived as being analogous to actual spatial motion and as taking place along the verti-
cal dimension. Tonal brightness is associated with visual brightness, which is associ-
ated with visual or physical highness in space.

Nodes and links are the constituent components of Hypertext. While nodes can eas-
ily be complemented by text explaining the content in a straightforward way, there
exist several possibilities for transforming links into sound. Neighboring nodes can be
enriched by text hints or a pair of sounds; – a path can be illustrated by sequences of
sounds. All these representations are volatile and must be activated after some time.
This can also be done by using hotspots as particular restricted areas of larger graph-
ics. Thus, moving into such an area or leaving it would trigger auto-narration or spe-
cial wave files.

An interesting aspect of modern graphic user interfaces is they offer an easy and
comfortable way to navigate and interact with software systems directly on visualized
structures or through control elements like buttons, scrollbars, and dialogues.

− Users point directly at displayed interactive objects.
− They traverse the graphic representation of a logical or a hierarchical data structure

with the aid of arrow keys or a pointing device.
− They manipulate or search for interactive objects by exploring a matrix of small

areas called a concept keyboard with the aid of arrow keys or a pointing device and
graphic tablet.

However, combining visual output with control elements is not appropriate for a
blind person. Whereas the parallel use of icons and earcons enables blind people to
control the system, the navigation on visual representations of internal data structures
should be accompanied by appropriate concept keyboards custom-built for the appli-
cation.

Currently, there are industries manufacturing touch devices called Concept Key-
boards which can be connected to the computer through a serial port. For example, a
touch pad consists of a flat touch-sensitive polycarbonate surface (A2, A3 or A4 size)
made up of 128 or 256 cells set out in a rectangular array and allows the user to select
the keyboard layout best-suited to the required application. Up to 256 programmable
keys, defined individually or in groups with pre-designed overlays and blank tem-
plates can be customized using one of the existing overlay designer software pack-
ages.  An overlay can have many different layers of information, pictures, video or
sound. Paper sheets can be inserted on which objects are embossed and words are
written in Braille. A blind person controls an application by pressing on the embossed
pictures or Braille words.  When particular areas of the concept keyboard are pressed,
a digitized sound can be heard. A number of tactile overlays have been designed to be
placed on the concept keyboard. Users can move their fingers along the tactile path,
and, when they press certain ’nodes’, the computer executes appropriate control com-
mands or plays sound sequences [1].
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4 Case Studies for Enhanced Perception

4.1   Visualization of Algorithms in Computer Graphics and Image Processing

ViACoBi [10, 11, 15] is interactive multimedia courseware visualizing Computer
graphics and Image processing algorithms; it provides a new learning environment for
undergraduate students to accompany classical lecture and lab courses. It proposes
eight lessons, each one providing a certain interactive presentation mode with links to
relevant technical facts and terms in a glossary and a context-sensitive help function. It
also includes exercises, and a visualization and animation toolbox to construct relevant
artifacts and to test algorithms in different scales and with various input parameters in
a stepwise execution mode displaying all relevant variable contents. One aim of the
system is the visualization of rastering algorithms to digitize straight lines, circles and
ellipses.

We explain our approach with an example concerning 4-way and 8-way stepping in
digital geometry. In raster graphics, there are four horizontal and vertical neighbors
(x±1,y) and (x,y±1) of a pixel (x,y) or eight neighbors if we add the four diagonal
neighbors (x+1,y±1) and (x-1,y±1). By stepping via 4- or 8- adjacent points we obtain
4- or 8-paths or so-called raster curves built from adjacent 4- or 8-neighbors. A con-
cept keyboard should support 4-way or 8-way stepping from one position to the adja-
cent points in any of the 4 or 8 directions, respectively. This can be done via 4 or 8
arrow-keys which allow navigating stepwise on paths and shapes.

The keys are labeled with the directions east coded by the number 0, northeast by 1,
north by 2 and so on. Each path can be described by a starting point (x0,y0) which can
be reached by the focus-key and a sequence of directions, called the chain-code. There
is an analogue three dimensional extension when we consider octrees and voxels with
26 neighbors. Here, we can use the layers of a 2D stepping  keyboard. Starting from a
RasterCurve class, its parameters and methods, and the sequence of method calls, it is
possible to generate and to design the concept keyboard automatically. (This will be
addressed later in point 5 of this paper. )

Fig. 2. Concept keyboard for 4-way or 8-way stepping
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In the exercise part (see Figure 3) we ask for the number of the connected compo-
nents of an 8-path in the case of the four neighbors topology where only horizontal and
vertical steps coded by even numbers are allowed. It is more intuitive to use the aural
representation and directly count the odd numbers within the chain-code enumeration
than to derive the result from the visual representation of the path in the object area,
which contains much more irrelevant information. Furthermore, the blind user can
directly construct or modify raster curves such as lines, circles or ellipses by using the
concept keyboard. The key in the center can be used to skip to the beginning of the
curve. Correct and incorrect steps are signaled by different acoustic messages.

Fig. 3. Visualized aural and graphic representation of a raster curve

Now we will give further examples of how to animate standard graphic algorithms
in two dimensional pixel geometry using different perception channels. There are
basically two different ways to proceed. The common way is to show how the algo-
rithm works using its logical representation, e.g., the Nassi-Shneiderman diagram or
other control flow charts. Once, a pseudo code of the algorithm is given, a small win-
dow can be moved over the diagram lightening the current command line being exe-
cuted. Thus, the control flow is animated and assignments, branches and loops are
highlighted.

A completely different method is based on displaying the manipulated data. How-
ever, several points must be mentioned in regards to this method. First, an adapted
visual representation of the data must be developed. Loop variables, flags, stacks and
registers are interesting candidates for display. It is necessary to scale data in order to
obtain coarser structures, to slow down the working algorithm, and to find an adequate
representation of the output. We postulate an interactive user control allowing the user
to step forward and backward within the algorithm, to redo steps and to modify the
step width. This can be done with the concept keyboard.

Our second example is the Bresenham algorithm which digitizes lines, circles, and
ellipses (see Figure 4). At the same time, the growing circle or ellipse altering the
contents of typical variables can be seen. First, the growing curve is translated into
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appropriate intuitive sounds accompanied by spoken text concerning the contents of
the variables. Another view presents the Nassi-Shneiderman diagram via text-to-
speech. Finally, it is necessary to group the control elements at the bottom of the
screen to simplify the navigation.

Fig. 4. Enhanced representation and interaction for the Bresenham algorithm

ViACoBi is complemented by another teaching system which presents comparable
solutions for spatial data structures like bintrees, quadtrees or octrees; this system will
be provided with a haptic interface in the future. These new features will be imple-
mented in a new version of ViACoBi.

4.2   Sorting Algorithms

Usually algorithm animation maps elements on rectangles with heights proportional to
sizes. Alternatively, a sorted array of numbers for a sorting algorithm can be repre-
sented by a sequence of sounds with ascending frequencies. For an example like
Heapsort it is conceivable to replace the node contents with sounds and then explore
the data structure using a concept keyboard, a pen or a joystick together with a track-
ing function and attracting nodes. The program code can be augmented by auditory
messages concerning the current running procedure and its current parameter values,
the values of control variables within the loops, the result of comparisons in condi-
tions, the result of changing memory contents, and the progress in work. The last point
is a very important one because the preceding ones only concern local actions without
contributing to a generalized view on the algorithm or data structure. These messages
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can be generated automatically like some debugging information and can be displayed
graphically or by text-to-speech. So our focus changes from algorithm visualization to
algorithm explanation.

4.3   Graph Structures

In a graph each vertex can be complemented by an explanation concerning the con-
tent, the parent and child nodes and the global position within the graph. Outgoing and
incoming edges are mentioned. There are many classical graph algorithms to construct
shortest paths or spanning trees. When we want to go from point A to point B, a stan-
dard visualization tool proposes a two dimensional road map containing start and end
point but also many further details. So the user must collect the relevant information,
discard all roads which do not serve, and extract an adequate solution path. A better
way is to preprocess the map and to use a spanning tree or only good paths near A and
B. However, the simplest way is to announce through an acoustic channel a sequence
of local landmarks and directions to reach point B.

Fig. 5. Concept keyboard for AVL-trees

Balancing an AVL-tree after the insertion or deletion of vertices is a problem which
is addressed by several tools for algorithm animation. For instance, by using standard
right or left rotations the tree can be rebalanced. To do this work and to navigate on
the tree we propose the concept keyboard given in Figure 5.

4.4   Didactic Network

In their paper [2] N. Baloian et al. discuss the concept of didactic networks. In such a
network, the teacher collects multimedia material which is organized as the vertices of
a directed graph and presented to the students, while the teacher follows a certain
instruction path. The network provides the following types of nodes: Graphic, Anima-
tion, Audio, Video, Text, Discussion, Individual and Group Work. Nodes are linked
by different typed edges with labels corresponding to standard teaching methods, such
as ’introduces to’, ‘refined by’, ‘explained by’, ‘exemplified by’ and ‘summarized by’.
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The lesson manager controls the visualization and presentation tools. Relevant parts of
the network are constantly displayed to support the user. Different teaching methods
lead to different weights of the edges. A spanning tree is calculated to overcome the
very complex graph structure. The teacher steps through the tree visiting the most
important nodes and presenting their contents. It is an interesting idea to develop ap-
propriate concept keyboards for navigating within the network to explore the logical
structures which brought to the teacher’s mind by different perception channels. The
concept keyboard supports the teacher’s navigation through the learning material in a
didactically coherent way according to a predefined teaching or learning strategy (see
Baloian, Hoppe, Luther [3]).

4.5  Design Principles

Our considerations can be summarized in the following list of design principles which
can be used to add other transmission/reception modes in parallel to classical visuali-
zation:

− Enable users to explore objects represented by digital shapes or three dimensional
octree-models and neighborhoods by pointing to or grasping them in order to gen-
erate images in the mind.

− Transform graphs into acoustic structures; supply nodes with text, images, pictures,
and links with captions which can be presented by text-to-speech.

− Use earcons and icons in parallel; use frequencies to represent coordinate values
and different instruments for different axes.

− Provide for a graphic tablet and pen or special concept keyboards to traverse a
graph structure.

− Develop for each application a suitable concept keyboard by redefining keys, cre-
ating special button schemes on a graphic tablet or introducing a new device cus-
tom-built for the application.

− Use commercial or free screen readers. They help visually impaired people navi-
gate within information systems.

− For algorithm animation divide the screen into two parts: Place on the right side
comments on the algorithm or a formal description which can be presented by text-
to-speech and on the left side a visualization enhanced with acoustic motifs (direc-
tions or dimensions can be represented by different instruments and positions by
tonal pitches). Thus, a natural slow down is obtained by spoken explanations.

− Introduce modern haptic interfaces like gloves or wireless ultrasonic joysticks.
They provide a new feeling of three dimensional geometric data structures as was
reported in [14, 21].

However, all these concepts lead to a stepwise or local processing of the model.
Therefore, an important question must be answered: Is it possible to achieve a global
mental image of a static or dynamic scene only from local exploration? Furthermore,
we must develop evaluation strategies and best practice examples to prove that aug-
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mented interfaces and complementary perception channels provide better comprehen-
sion.

5   Ideas for Automatic Generation of the Concept Keyboard

A concept keyboard allows users to traverse a data structure and/or perform certain
procedures or functions on it step by step. Ideally, the concept keyboard would be
generated directly from the code implementing the data structures and algorithms over
them. However, then we would too often be confronted with declarations of data
structures defining fields and operations needed for implementing the whole system
but making the understanding of important ideas and issues more difficult. The use of
parameters in the implementation of methods for traversing or modifying the data
structure may also complicate the generation of a simple but meaningful concept key-
board. To overcome these problems, we propose using an interface file which defines
the data structures and procedures in a suitable way, making the generation of a key-
board easier and “cleaner”. Of course, how “clean” and meaningful (that is, how help-
ful for understanding the data structure and their algorithms) the resulting keyboard
will be depends on how the interface file is written, but this seems to us to be unavoid-
able. The definition of the interface file should be made according to the following
rules:

− Define the data structures containing only the relevant information which is needed
to understand the general problem and its solution.

− Define a number of methods or operations having only the current node (or array
element) as implicit parameter (like “this” in a Java class definition). Other nodes
should not appear as parameters. Instead of this, more operations should be defined.
(For example, instead of rotate(x) with x being the left or the right child, a ro-
tateLeft() and a rotateRight() operation should be declared.)

− Associate with each operation the corresponding call to the method implementing it.

This last condition may cause the programmer to change the original code of the
implementation but this should not demand too much work if the code has been rea-
sonably written. The interface file definition language should be XML (eXtensible
Markup Language), which is a meta-syntax used to declare Document Type Defini-
tions (DTDs) for existing and new computer markup languages. The focused DTDs
are intended for User Interface-oriented structural, textual, graphic, acoustic, or tactile
renderings. XML promotes the creation of accessible documents  which can be equal-
ly well understood by their target audience regardless of the standard or concept key-
board device used to access them. XML permits the simple yet flexible definition of
structured documents. This feature makes the description of data structures and func-
tions with this language very easy. This, added to the fact that XML is a standard,
makes it the right candidate to be used as the interface definition language for concept
keyboards.
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6   Related Tools for Blind Users

A number of systems have been developed with the aim of being used by people with
disabilities. While most systems targeted for the hearing impaired are oriented to train
people by developing the necessary skills to overcome their disabilities, a considerable
proportion of the systems for blind people aim to increase greatly the accessibility to
current computing resources which are based on graphic user interfaces, such as
games and web navigators.

For blind people screen reader software allows access to graphic user interfaces by
providing navigation as well as a Braille display or speech synthesized reading of
controls, text, and icons. The blind user typically uses the tab and arrow controls to
move through menus, buttons, icons, text areas, and other parts of the graphic inter-
face. As the input focus moves, the screen reader provides Braille, speech, or non-
speech audio feedback to indicate the user’s position. Blind users rarely use a pointing
device, and as discussed above, typically depend on keyboard navigation. A problem
of concern for blind users is the growing use of graphics and windowing systems [5].

The browser BrookesTalk reads out the Web page, using speech synthesis in word,
sentence, and paragraph mode, and offers different views of the page to simulate
‘scanning’ [25]. Different views of the page take the form of keywords, summary or
abstract and are derived using information retrieval and natural language processing
techniques. BrookesTalk also offers a special search facility, a configurable text win-
dow for visually impaired users and a standard visual browser so that blind users can
work alongside other people who can fully utilize a standard graphic interface.

The HOMER UIMS approach by Anthony Savidis and Constantine Stephanidis
[22, 23] develops dual user interfaces for the integration of blind and sighted.
HOMER supports the integration of visual and non-visual interaction objects and their
relationships. In this context, a simple toolkit has been also implemented for building
non-visual user interfaces and has been incorporated in the HOMER system. A Dual
User  Interface is characterized by the following properties: It is concurrently accessi-
ble by blind and sighted users and the visual and non-visual metaphors of interaction
meet the specific needs of sighted and blind users, respectively. At any point in time,
the same internal (semantic) functionality is made accessible to both user groups
through different interactive channels.

Education for blind children uses special devices like a touch pad, speech synthesis
or Braille displays. Another idea is to use concept keyboards which implement differ-
ent actions to interact with applications. There are excellent tools for translating text to
Braille; however, graphics production has problems creating tactile graphics on screen
or printing it on special embossed or swell paper. A specialized thermal printer pro-
duces output on swell paper. Many modern Braille printers have a graphics mode
where dots are embossed in a regular raster. It is even possible to leave the raster in
order to create “smooth” curves. Other solutions print graphics directly from a pro-
gram and handle the conversion to a relief image. We prefer a combination of touch,
text-to-speech and sound landscapes, an access chosen in the European project TACIS
(Tactile Acoustic Computer Interaction System). Together with Windows-based
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screen readers, Braille displays allow the visually impaired person to obtain a tactile
layout of the desktop, applications, and windows [13].

AudioDoom [14, 21] allows blind children to explore and to interact with virtual
worlds by using only spatialized sound. It was inspired by traditional Doom games
where the player has to move inside a maze discovering the environment and solving
problems posed by objects and entities that inhabit the virtual world. In doing so, it
emphasizes the sound navigation throughout virtual spaces in order to develop cogni-
tive tasks to enhance spatial orientation skills in blind children. AudioDoom is ma-
nipulated by using a wireless ultrasonic joystick or a labeled keyboard.

In the same context the sonic concentration game proposed by Roth et al. [20] con-
tains several different levels offering pairs of geometrical shapes to be matched. To
represent geometrical shapes it is necessary to build a two-dimensional sound space.
Each dimension corresponds to a musical instrument and Raster points correspond to
pairs of frequencies on a scale. Moving horizontally from left to right is equivalent to
a frequency variation of the first instrument, and moving vertically to a frequency
variation of the second one.

Another mode presents a shape by moving sound in a special plane. The third di-
mension can be represented by means of frequency. The Doppler effect can be used to
enhance front and back differences.

Haptics is a technology that provides sensing and control through touch and ges-
ture. It presents interface equipment for accessing and manipulating data normally
available only through visual representations for seeing people. A haptic system must
sense and analyze the forces applied by the user and deliver a physical sensation back
to the person in real time. This kind of systems allows users to explore all sides of a
virtual 3D object, to move and to turn the object freely in three orthogonal space coor-
dinates and around three rotational axes, and to track force and to provide force-
feedback sensations in multiple dimensions.

A haptic interface is a hand-held computer-controlled motorized device displaying
information to human tactile and kinesthetic senses. It works bidirectionally, accepting
input from the user and displaying output from the computer. Including haptics in our
scenario offers a further important channel, parallel to visual and aural communica-
tion, which can substitute for the other sensorial streams, in particular graphic inter-
faces. For example, by producing forces on the user’s hand depending on both the
user’s motions and properties of the icons under the cursor, touchable representations
of the screen objects can be created [19]. Gloves with embedded sensors provide
hand-grasping actions or whole-hand sensitivity. Realistic sounds of haptic interaction
can be easily synthesized, enabling systems to convey many haptic perceptions, such
as hardness, material, texture, and shape.

7   Conclusion

We have presented new concepts for enhancing standard visual interfaces with aural
or haptic components to convey logical structures or data types to human minds. Op-
tional dual or multiple interfaces enhance the human-machine interaction and support
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sensory-disabled people. It is important to separate control elements and visual objects
by mean of an adequate concept keyboard which will be used to process data struc-
tures and geometric models. To achieve meaningful visualization, we focus on im-
portant information after a suitable abstraction process. The design guidelines given
will be integrated into new versions of ViACoBi and a cooperative AudioDoom for
the target groups mentioned above.
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Abstract.

In this chapter, we discuss a software modeling and visualization framework called rube†. This
framework facilitates the creation of three-dimensional (3-D) software visualizations that
integrate both static software architecture and dynamic real-time operation. A unique aspect of
rube is that it does not tie developers down to a set of predefined symbols, objects, or
metaphors in their visualizations. Consequently, users have the freedom to develop their own
representations. The rube framework’s general approach to software modeling and
representation are discussed. Next, a simple example is developed according to rube’s
systematic modeling and visualization process. Lastly, benefits of the framework and future
directions are discussed.

1 Background

Modeling plays an important role in many computing tasks, including software
engineering and software visualization (SV). The first two phases of the modeling
process involve system understanding and model representation. In the current
context, a system is any real-world (e.g., ecosystem) or abstract (e.g., database) entity,
and a model represents the discrete objects and interactions between objects in the
system. If readers will indulge us, we consider the terms software, program, and
model to be more or less conceptually equivalent unless otherwise noted for the
purpose of discourse in this chapter. Likewise, we consider the terms software
developer, programmer, and modeler to be more or less conceptually equivalent
unless otherwise noted.

Modelers come to understand, predict, and analyze a system based on the models
that they construct for it. The model represents a key medium that links modelers to
the phenomena. Thus, the model’s representation plays an important role as an
interface to its users. Although historically there has been a rich variety of textual and
diagrammatic approaches to model representation, there has been little systematic
accommodation of personal preference in these approaches.

Our culture is driven in part by economy of labor and materials, and
personalization is held back primarily for these economic reasons. However, today’s
                                                          
† rube is a trademark of Paul A. Fishwick and the University of Florida.
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economy is at a stage where personalization has become more feasible and some
trends in personalization are developing in both media and human-computer
interfaces. For our immediate purposes, we do not draw a distinction between
customization and personalization, treating both as facets of aesthetic choice. An
example of personalization in human-computer interfaces is the current proliferation
of customized skinz in window-based graphical user interfaces (GUIs). The renewed
focus on accommodating the individual in media and user interfaces suggests a
corresponding accommodation of personal preference in model representation and by
extension, 3-D SV.

There may be some advantage to be gained from personalization in 3-D
visualization. To illustrate, a frequent occurrence during the development process is
that one or more abstract data types or functions are created. If a developer finds
value in 3-D visualization and would like to visualize an abstract function such as a
sorter, he or she may arbitrarily decide to visualize it as a green pyramid. Instead, it
may be possible to create a more elaborate visualization for the sorter. For example,
the developer might be able to visualize the sorter as an animated person who is
sorting boxes. If the developer uses the animated sorting person, he or she has made
an analogy between the abstract sorter and the concrete, real-world person. If the
sorter is visualized in this fashion, there is no need to memorize the previous mapping
of the green pyramid to the sorter. The visualization of the person and the analogy
introduced now provide this mapping implicitly. In effect, the visualization provides a
semantic cue as to the object’s function. This sort of visualization, then, may serve as
a form of implicit documentation. It would be difficult to support the argument that
the green pyramid visualization is preferable to the animated sorting person on
grounds other than the additional effort it would take to produce the animated person.
Finally, the extra effort required to produce a personalized 3-D visualization should
decrease to a minimal level with time and advances in technology, so that a
cost/benefit analysis should eventually become favorable.

There is some empirical evidence that shows the value of self-construction in
visualization. For example, the use of metaphor in diagrams has been shown to
provide some mnemonic assistance, which appears to be greatest when the user of the
diagram constructs his or her own metaphor [1]. In addition, it has been empirically
established that the process of actively constructing one’s own visual representations
is more beneficial than passively viewing someone else’s visual representations [2].

Fishwick [3, 4] has been developing a modeling framework called rube in which
users develop both static and dynamic 3-D model visualizations in parallel with other
modeling efforts. What sets rube apart from similar work is that these visualizations
can be highly customized by the user. This chapter discusses rube’s approach to
modeling and representation. To illustrate the rube modeling process, a systematic
example of model development is presented. The example is a simple Finite State
Machine. Finally, the benefits of the approach and future directions are discussed.
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2 The rube Framework

2.1 rube Framework’s Precursor: Object-Oriented Physical Multimodeling

In previous research, Cubert et al. [5], Fishwick [6], and Lee and Fishwick [7] have
worked on the development and implementation of an object-oriented simulation
application framework. Object-Oriented Physical Multimodeling (OOPM) is a system
that is a milestone product of this previous research [5, 7]. OOPM extends object-
oriented program design through visualization and a definition of system modeling
that clarifies and strengthens the relationship of model to program [3]. The “physical”
aspect of OOPM reflects a model design philosophy that recommends that models,
components, and objects should be patterned after the structure and attributes of
corporeal objects.

Within OOPM, programs are multimodels [6, 8, 9, 10]. A multimodel is defined as
a hierarchically connected set of dynamic behavioral models, where each model is of
a specific type and the set of models may be homogeneous or heterogeneous [5, 8].
The basic dynamic behavioral model types are numerous and include Conceptual
Model (CM), Finite State Machine (FSM), Functional Block Model (FBM), System
Dynamics Model (SDM), Equation Constraint Model (ECM), Petri Net (PNET),
Queuing Net (QNET), and others [8]. OOPM supports the creation and execution of
several of these model types including CM, FSM, FBM, SDM, ECM, and RBM. The
dynamic behavioral model types are freely combined in OOPM through the process
of multimodeling, which “glues together” models of same or different type [5].

An example of a multimodel based on a real-world system might be the following:
Assume that a group of people is standing in a straight line in front of a single ticket
booth. The line is a simple queuing network (QNET), with a queue (the line), queued
entities (the people), and a server (the ticket booth). Now, assume that we would like
to describe the state of each person waiting in the line as “stopped, moving, or being
served.” To model these states, we could incorporate a finite state machine (FSM)
within each person. There would be three states in each FSM: stopped, moving, and
being served. Events that are happening in the queuing network would trigger
transitions between states in each person’s FSM. If the line is moving, the FSMs for
people in the line transition into the moving state. When the line stops, the FSMs
transition into the stopped state. If a person is the next in line for waiting for service,
that person’s FSM will transition from stopped, to moving, to being served. This
completes the example multimodel, which demonstrated a hierarchical arrangement
of FSMs within entities that were part of a QNET.

The OOPM system has some other noteworthy features. One feature is its 2-D
GUI, which facilitates model design, controls model execution, and provides 2-D
output visualization [5]. Another feature is a model repository that facilitates
collaborative and distributed model definitions, and that manages object persistence
[5].

2.2 The Goals of rube

The rube framework and OOPM share many characteristics. For example, they both
make use of the previously listed dynamic behavioral model types within a
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multimodeling framework. However, rube research and development (R&D) moves
OOPM concepts into the third dimension and expands on them. Specifically, the goals
of rube R&D are:

1. To create a model design methodology and a software system that supports a
separation of dynamic model specification from presentation and visualization.

2. To work with the Fine Arts community (e.g., university Digital Arts and Sciences
programs) in creating more personalized and aesthetic presentations. The rube
framework supports this effort by promoting the integration of modeling with
developer-defined visual and audible elements.

3. To enable specification of dynamic models for use in a wide variety of systems
needs, one of which is programming (and others are models used for simulation).
One physical manifestation of this goal is a publicly available World-Wide-Web
(WWW) based toolkit composed of reusable, generic, 3-D model components
based on the basic dynamic behavioral model types along with a model repository
composed of fully developed models.

2.3 The rube Development Environment

The rube development environment is implemented in XML (eXtensible Markup
Language), and includes a 3-D, web-based GUI [3] that controls a Model Fusion
Engine [11]. The Model Fusion Engine supports the fusion of geometry models,
dynamic models (e.g., FSM, FBM, and others as previously listed), and their scripted
behaviors [11]. The fusion process merges a geometric scene file and a model file
[11]. The scene file contains a user-defined VRML (Virtual Reality Modeling
Language) world either created in a 2-D text editor or exported from other 3-D
software such as CosmoWorlds or 3D Studio Max [11].  The model file is a user-
defined XML file that defines connectivity between objects and the behavior of the
dynamic model types [11].  Each dynamic model is modularized and used as a
separate library [11]. When the Model Fusion Engine finishes merging the scene and
model files, it generates an X3D (eXtensible 3D) file [11]. This file is then translated
into a VRML file that can be displayed in a VRML browser such as such as Blaxxun
Contact, Parallel Graphics’ Cortona, and CosmoPlayer [11].

The GUI is shown in Fig. 1. In the lower part of the window, a user can specify or
upload user-defined scene and model files [11]. In the upper part of the window, the
newly created 3-D dynamic model is displayed with a VRML browser [11]. It is
important for readers to note that rube does not implement a 3-D “programming” GUI
that, for instance, allows a user to construct a network of 3-D objects that would be
parsed by the GUI to automatically generate an executable program, such as Najork’s
CUBE [12]. In addition, unlike CUBE, rube does not possess a formal “3-D syntax,”
nor is it a set of 3-D representations of primitive data types and atomic operations.

One major distinguishing feature of rube’s modeling architecture is that it
separates geometry from inter-object semantic relations [11]. Any scene file, which
represents geometry and appearance, can be used along with any model file, which
contains information about relations and behaviors of the model [11].
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Fig. 1. rube’s GUI.

The rube development environment allows users to either create or reuse existing
3-D objects for the scene file, and allows users to create or reuse dynamic models for
the model file [11]. The freedom of defining and creating 3-D objects has been given
completely to the model author [11]. Objects can be personalized and made culturally
or aesthetically meaningful [4, 11, 13].

2.4   Placing rube in a Frame of Reference with Respect to Software Visualization

To give readers a better idea of the characteristics of the rube framework, we classify
it according to the program visualization system taxonomy given by Roman and Cox
[14]. Within this taxonomy, there are three possible roles to be played: programmer,
animator, and viewer [14]. A rube developer is both the programmer and animator,
and anyone may be a viewer. At this time, we consider the primary viewing audience
to be either the model author or someone who is familiar with modeling in the context
of rube. This slant may change in the future, and we have been investigating both
novice modelers and artistic communities as possible users/audiences for the rube
framework and its models. Continuing with the axes of the taxonomy [14]:

� Scope: rube does not automatically transform model code into page layouts, such
as flowcharts or statement-level diagrams. It is capable of showing model data and
control states, but the implementation of these capabilities is up to the
programmer/animator. Since rube is primarily an event-based system, it is best
padapted by programmers/animators for relating model behavior.

� Abstraction: rube is capable of direct, structural, and synthesized model
representation. However, rube primarily encourages structural representation.
Again, the implementation of these capabilities is up to the programmer/animator.
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It is possible to implement “zooming” capabilities to provide low and high levels
of abstraction to a user that is navigating throughout a world.

� Animation Specification Method: rube relies heavily on annotation by the
programmer/animator. Predefinition, declaration, and manipulation do no play a
role in rube.

� Interface: rube inherits its graphical capabilities from VRML and its successor,
X3D. Thus, it can specify simple objects, compound objects, visual events, and
worlds. Within worlds, both absolute and constraint-based positioning are
permitted. Multiple worlds (i.e., separate windows with separate objects that all
represent alternate views of the same model) are possible, but are not a not a focus
of rube. Interaction with the world by the viewer is managed through the VRML
browser and is programmer/animator defined. Interactive capabilities are often
implemented in the form of predefined controls. These controls can be embedded
in the image.

� Presentation: rube is extremely flexible concerning interpretation of graphics. Any
accompanying text-based explanations must take into account the intended
audience. Since the audiences for rube models are not yet well defined, we leave
this issue to programmers/animators. Programmers/animators need to be aware that
others may not easily grasp their display customizations, perhaps performed
without regard to related conventional or “obvious” styles of presentation.
Accompanying detailed text-based explanations may be necessary. A rube
visualization is capable of showing explanatory events and orchestrations. The
incorporation of aesthetic visual and audible elements in models are encouraged by
rube.

Najork and Brown’s Obliq-3D is a high-level, fast-turnaround system for building
3-D animations that consists of an interpreted language that is embedded into a 3-D
animation library [15]. There are some similarities between rube and Obliq-3D. The
languages used in both systems for specifying graphics objects have similar structure,
expressive power, animation, and interactive capabilities. Both systems use
interpreted languages (for rube: XML, VRML, X3D and etc.), so both are “fast
turnaround.” There are also some significant differences between rube and Obliq-3D.
The rube development system is web-based and portable (e.g., HTML, XML, VRML,
X3D), while Obliq-3D is not (e.g., X-Windows, Microsoft Windows, Modula-3,
Obliq). VRML, X3D, and XML are not strictly OO languages, while Obliq is. It
should be easier to create graphical structures, especially compound structures, in a
free-form environment in rube using third party tools that export VRML. In addition,
geometric structures can be easily reused for any purpose in rube. Sound can be
incorporated as part of rube models, while Obliq-3D does not mention this capability.
Finally, rube and Obliq-3D were designed around somewhat divergent goals: rube is
more focused on aesthetics and modeling in a formal sense.

2.5 The Steps of the rube Modeling Methodology

The rube modeling and visualization methodology proposed by Fishwick [4] consists
of the following five steps:
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1. Choose system to be modeled: This could be anything from a system in the real
world (e.g., the Everglades ecosystem), to a typical software system (e.g.,
database).

2. Select structural and dynamic behavioral model types: Here, modelers specify the
dynamic behavioral model types to be used in designing the multimodel. These
include CM, FSM, FBM, SDM, and others as previously listed. Next, modelers
specify the dynamics and interactions between the different models.

3. Choose a metaphor and/or an aesthetic style: Here, modelers develop their own
custom metaphors for the phenomena that they are modeling. It is preferable that
these metaphors have some readily apparent relationship to the phenomena being
modeled, but the presence of such a relationship is not required by rube. For
example, modelers may choose an architectural metaphor. Within architecture are
many different aesthetic styles to choose from like Romanesque, Baroque, and Art
Deco.

4. Define mappings/Develop analogies: In this step, the modeler develops a careful
and complete mapping between the structural and dynamic behavioral model type
components and the metaphorical and stylistic components. Although the rube
development environment itself does not specifically support the “automatic” or
“assisted” mapping of a software system to a visualization, it does offer guidelines
for some common modeling and programming constructs [4].

5. Create model: Here, the modeler combines the models and mappings generated in
the previous to synthesize the multimodel.

These original steps were derived before the current work in XML. Our current
work assists the users in these steps as follows. For step 2, there are a set number of
dynamic mode types planned for rube and the formal XML schema specification for
two of them (FSM and FBM) are underway. Step 3 currently remains manual. For
step 4, there are guidelines but no programmatic assistance.   Step 5 includes
significant assistance in the form of the Model Fusion Engine.

3 rube Example World

The following world briefly addresses the high-level development of a simple model
and its visualization in rube.

Step 1: Choose System to be Modeled
We will specify a simple light bulb system that can be in three different states. First,
we must connect the bulb, by way of a ceramic base, to the wall socket. This state is
represented by an initial state of “disconnected.” Once the light is connected, it moves
to a second state of “off.” From there, it moves to “on” if a chain is pulled. If the
chain is pulled again, the light goes “off,” and so on.

Step 2: Select Structural and Dynamic Behavioral Model Types
The system that we chose in the previous step can be modeled well with an FSM.
Before we begin the development of our FSM, let us first give a basic formal
definition. A FSM is described by the set �T, U, Y, Q, �, �, ��, where
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� T is the time base. T = � (real numbers) for continuous time systems and T = Z
(integers) for discrete time systems.

� U is the input set that contains all possible values that can be used as input to the
system.

� Y is the output set that contains all possible values that can be output by the system.
� Q is the countable state set.
� � is the set of acceptable input functions.
� � is the transition function, �: Q x � � Q.
� � is the output function, �: Q � Y.

A simple FSM that describes our light bulb system is shown in Fig. 2. S1 represents
“disconnected,” S2 represents “off,” and S3 represents “on.” Connecting the bulb to
the ceramic base activates the S1 � S2 transition (labeled with a “1”). Pulling the
chain to turn the light “on” and “off” alternately activates the  S2 � S3 and S3 � S2
transitions (both labeled with a “2”). Our FSM is defined as follows:

� FSM = �T, U, Y, Q, �, �, ��
� T = Z0+
� U = { 1, 2 }
� Y = Q
� Q = { S1 (start state), S2, S3 }
� � = 1 for t0, and 2 for all other T
� �: Q x � � Q
� �: Q � Y

In the first time step, the FSM will change state from S1 to S2. Thereafter, on each
time step, the FSM’s state will alternate between S2 and S3.

Step 3: Choose a Metaphor and/or an Aesthetic Style
Here, it is likely that a user would choose a single metaphor to represent the system,
or perhaps a group of metaphors and sub-metaphors to represent a complex system
with many components. In this process, there would be no more than one metaphor to
map to each major model component in the following step (i.e., step 4). However, for
the sake of discussion, we choose two metaphors that will map to our single FSM and
we will show the application of these two metaphors to our example FSM in parallel
during the remainder of the modeling steps. This approach will show the flexibility of
rube. One metaphor will involve water tanks, pipes, and water, and the other will
involve gazebos, walkways, and a person. Both metaphors are conceptualized in 3-D.

Step 4: Define Mappings/Develop Analogies
The mappings between the water tank/pipe metaphor and the FSM are simple:
� Water tanks represent states in our FSM. When a water tank is full, the FSM is in

the state represented by that water tank. Only one tank may be full at a time. Since
our FSM has three states, we will need three water tanks. Each water tank will
correspond to a specific state in our FSM.
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Fig. 2. Example FSM

� Transitions in our FSM are represented by water pipes. Water flows from one tank
to another over a pipe that connects the two tanks to represent the activity a
transition. Since our FSM has three transitions, we will need three water pipes.
Each water pipe will correspond to a specific transition in our FSM.

� The “data transfer token” implicit in our FSM is represented by water. There is
only one token, so there is a constant volume of water to correspond to the token.
This volume is just enough to fill one tank of water, and all tanks should have the
same volume.

Similarly, the mappings between the gazebo/walkway metaphor and the FSM are
simple:

� Gazebos represent states in our FSM. When the person is in a gazebo, our FSM is
in the state represented by that gazebo. Since there is only one person, only one
state is active at a time. In addition, since our FSM has three states, we will need
three gazebos. Each gazebo will correspond to a specific state in our FSM.

� Transitions in our FSM are represented by walkways. The person moves from one
gazebo to another over walkways that connect the two gazebos to represent the
activity of a transition. Since our FSM has three transitions, we will need three
walkways. Each walkway will correspond to specific transition in our FSM.

� The “data transfer token” implicit in our FSM is represented by the person.

Step 5: Create Model
Here is a basic outline of the steps involved in creating the models:

1. Specify the basic FSM components, such as state and transition. Alternatively, take
these components from a library. Place these in the model file. Note: these
components should be generic and be as non-specific as possible to the model
currently under construction.

2. Specify the FSM topology. That is, specify the number of states in the FSM, and
the arrangement of transitions that exist between the states. Alternatively, take this
topology from a library. Place this topology in the model file.

U Y

f

S1

S2S3

1

2

2
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3. Either by hand or with a third-party geometry-modeling tool, create geometric 3-D
analogs for each component of the FSM that will be visualized. Alternatively, take
these objects from a library. In the case of our FSM, we could create cylindrical
water tanks or gazebos to represent states, pipes or walkways to represent
transitions, and water or a person to represent the data transfer token. Place these
objects in the scene file.

4. Specify the animation behavior of the graphical components created in the
previous step. Alternatively, take these behaviors from a library. An example
behavior for water tanks is the “filling” or “emptying” of the tanks with water. An
example behavior for the walkways is the movement of the person over the
walkways. Place these behaviors in the model file.

5. Merge the scene and model files with the Model Fusion Engine’s GUI interface.

The implemented water tank world, authored by Donahue [16] is shown in Fig. 3.
The implemented gazebo world, authored by Kohareswaran [17] is shown in Fig. 4.

Fig. 3.  Example FSM with water tank metaphor applied. Author: R. M. Donahue.

4 Summary

4.1 Benefits of the rube Framework

The rube framework has the potential to make building 3-D visualizations easier than
is possible with other software visualization systems in direct proportion to: 1) the use
of libraries of prefabricated geometric models, 2) the expressive power of VRML,
X3D, and XML and 3) the ease of use of third-party geometry modeling tools. The
issue of whether or not rube enables the creation of more “effective” visualizations
depends heavily on the programmer/animator and the viewer. If the
programmer/animator is the viewer, then benefits may be derived from self-
construction. If the viewer is not the author, then benefits may only exist when the
author has used “obvious” and/or traditional representation methods, provided
extensive text-based explanations, or provided interactive controls for the viewer
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These speculations are based on research mentioned in the introduction to this paper
[1, 2].

Fig. 4.  Example FSM with gazebo metaphor applied. Author: N. Kohareswaran

The rube framework’s contributions to the field of software visualization are
directly related to its progress toward the first two of its previously stated goals
Specifically:

1. To create a model design methodology and a software system that supports a
separation of dynamic model specification from presentation and visualization.

2. To work with the Fine Arts community in creating more personalized and aesthetic
presentations. The rube framework supports this effort by promoting the
integration of modeling with developer-defined visual and audible elements.

The use of 3-D, metaphor-based visualization lends rube models aesthetic and
artistic aspects that are relatively novel in the realm of SV, and it would be a notable
achievement to blend SV with the creation of a work of art through the vehicle of 3-D
metaphor. An alternative course is to limit model visualization to the creation of
diagrams composed of abstract geometric shapes and symbolic text. In essence, these
shapes and text are wholly arbitrary forms of representation. As such, they generally
lack intrinsic semantic content. Additionally, the generic nature of these shapes and
text lessens their potential aesthetic impact. These shortcomings may be ameliorated
if a developer is allowed and encouraged, by a framework like rube, to embellish
these generic entities with customized, 3-D, metaphor-based visualizations.

We currently monitor related human-focused empirical research, and it is our
ultimate aim to generate empirical research centered on the use of the rube
development environment and modeling methodology. Before this sort of
undertaking, it is necessary to have an approximation of both the environment and the
methodology. Specifically, we wish to avoid a “catch 22” situation where experiments
cannot be executed without entanglement of experimental results with issues related
to tool quality, and quality tools cannot be constructed without solid empirical results
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as a design guide. We are still in the “exploring” and “engineering” phases of our
research. Although this chapter presents some preliminary results of our effort in
rube’s development environment and modeling methodology, more work is needed
before we can reasonably proceed with human-based empirical research. We have
very recently conducted a survey, with general discussion, of aesthetic methods
within a class on Modeling and Computer Simulation. The results from this survey
are not yet available at the time of this writing, but will be made available in the near
future

In this chapter, we have provided an overview of the rube framework as well as
provided example worlds. The emphasis for rube is to permit modelers greater
freedom in building their own personalized software visualizations. We briefly
described a web-based graphical GUI that allows to users to merge 3-D geometry, an
XML model file, and pre-existing behaviors for animating and simulating dynamic
software models. Possible benefits of the rube framework and future directions were
discussed. As software engineering further leverages modeling, our research may help
in the mainstream future definition of 3-D software visualization.
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Abstract.

Software visualization provides methods to facilitate the understanding of algorithms and pro-
grams. Practically all existing visualization systems actually execute the code to be visualized
on sample input data. In this paper, we propose a novel approach to algorithm explanation
based on static program analysis, specifically shape analysis. Shape analysis of a program oper-
ating on heap-based data structures analyzes the program to find out relevant properties of its
heap contents. The shape analysis we are using is parameterized with sets of observation prop-
erties, which are relevant properties of heap elements. Shape analysis associates sets of shape
graphs with program points. These graphs describe both structural properties and non-structural
properties such as sortedness. By summarizing sets of undistinguishable heap cells shape analy-
sis supports focusing on active parts of the data structure. By computing the program’s invari-
ants it provides the basis for their visualization. After the application of the shape analysis the
program is visually abstractly executed, i.e., traversed with a strategy corresponding to a
meaningful explanation. Showing a sequence of shape graphs produced along a program path
demonstrates how invariants are temporarily violated and then restored.

1 Introduction

Software Visualization is the representation of information about software by means
of computer graphics. There are two kinds of information that one may wish to visu-
alize. The first is static information, such as the module structure of a software sys-
tem, the class hierarchy of an object-oriented system, the call graph of a module, or
the control flow graph of a procedure. The second is dynamic information available
during the execution of a program, such as the current state of the program’s memory.

Algorithm Animation as an aid for improved algorithm understanding typically re-
lies on such dynamic information. The approach described in this paper attempts to
achieve algorithm animation and understanding by using the information most im-
portant to algorithm understanding, namely invariants. An invariant at a program
                                                          
1 supported by the Deutsche Forschungsgemeinschaft, Project Ganimal
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point describes properties of all the states the program may be in, when execution
reaches this program point. It is thus a static description of a dynamically arising set
of states. Our approach is unique in that the invariants and thereby the basis for our
animation are statically computed employing the method of abstract interpretation
developed in the context of compiler design. There is some similarity between our
approach and a declarative method of algorithm animation, in which one can select a
set of properties characterizing the data, and use these data to formulate and then
visualize the invariants. (For the description of Leonardo, which offers a declarative
language to specify properties of execution states, see [9]. However, the traditional
declarative visualization is unable to analyze data on the basis of abstract rather then
concrete program execution.

The construction and the working of most traditional algorithm animation systems
can be described as follows:

1. The designer selects a data structure and an algorithm to animate.
2. He decides how to represent the execution state.
3. He determines interesting events (in the execution) of the algorithm.
4. A user then supplies a set of sample input data and runs the program on this input

data. Each state of the execution is visualized in the designer’s representation.

Most of the time, Algorithm Animation actually is Program Animation, as the al-
gorithm is coded in an existing programming language and the code is shown along
with some view onto the execution state. We actually deal with programs, but adhere
to this imprecise nomenclature.

Our criticism of traditional algorithm animation is that on the one hand, they show
too much, e.g. currently irrelevant and distracting parts of the execution state; on the
other hand, they do not show enough, namely the most essential part of every algo-
rithm - its invariants. Consider the insertion into a binary search tree. Typically, the
entire tree is shown, although the insertion takes place in one of the subtrees, and so
the other subtree is not relevant for the current situation. Unfortunately, the invariant
stating that for each inner node, the elements in its left subtree have data components
smaller than that of the node and elements in its right subtree have data components
larger than that of the node, is not shown.

In this paper, we propose a novel approach to the explanation of programs working
on heap-based data structures, for which this criticism does not apply. Our system can
be made to focus on the “active” parts of the data structures and it will allow visual-
izing invariants. It is based on preprocessing the program by a static program analysis.

Let us identify the phases in the construction and use of an algorithm explanation
system in analogy to the above description:

1. The designer selects a data structure and an algorithm to be explained. He then
selects a set of properties characterizing the data structure, i.e., those properties that
would be used to formulate invariants for the algorithm.

2. He runs a shape analysis, as implemented in the TVLA (Three-Valued-Logic
Analyzer)  system, (see http://www.math.tau.ac.il/~rumster/TVLA/ ) on the pro-
gram using properties mentioned above. The shape analysis will annotate each
program point with a set of shape graphs describing all heap contents that may ex-
ist when program execution reaches this program point. Together, all these shape
graphs form an invariant for this program point.

http://www.math.tau.ac.il/~rumster/TVLA/
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3. He defines a visual representation for the shape graphs computed by the shape
analysis.1

4. Now, comes the user’s time! What does he get to see and how does he get to see
it? The decisions made in point 1 above determine what and the decisions made in
point 3 above determine how. The user may want to select one particular shape
graph at the entry to one particular program statement and then execute the state-
ment and observe the effect on the chosen shape graph. He may also want to per-
form a visualized abstract execution of the algorithm. This is a depth-first traversal
of the program’s control flow graph together with the sets of shape graphs at the
program points. Each step in the visual execution corresponds to the execution of
one statement as described above.

This paper is concerned with phase 3. Visualizing invariants is more rewarding, but
also more difficult than visualizing concrete states. Actually, we never show the
whole invariant at once, as it would be done in program verification. There, the in-
variant for a non-trivial algorithm may be a quite large logical formula, which takes a
long time to parse and even longer to understand. Our hypothesis is that graphically
displayed invariants are more intuitive, and that as much as possible of what they ex-
press should be visually represented.

Shape analysis is described in [1] and [2]. A system, TVLA, implementing it and
thus supporting step 2 is available. In [2] the authors also show how shape analysis
can be used to prove partial correctness by computing invariants.

The remainder of this paper is organized as follows. First, we describe an algo-
rithm used in our paper as case study. Then, we briefly introduce static program
analysis and in particular shape analysis. Next we present our approach to algorithm
explanation; finally, we describe one related approach to algorithm explanation.

2 Case Study

We explain our approach with the example of insertion sort using a singly linked list.
The basic idea of this algorithm, see [3], is to split the sequence of data to be sorted
into two consecutive sub-sequences; a sorted prefix, pointed to by x, and an unsorted
suffix, pointed to by r, which follows the prefix. Initially, the prefix is empty, and the
suffix consists of all elements. The algorithm loops until the suffix is empty (and so
the sorted prefix contains all the elements). In each step of the loop, the algorithm
inserts into the prefix the element, pointed to by r, that immediately follows the pre-
fix, thereby keeping the prefix sorted. Therefore, the basic invariant of this algorithm
is: "the prefix is sorted". The right place to insert the element r is searched by the
inner while loop. It runs a pair of pointers (pl, l) through the sorted prefix, until l-
>data > r->data holds. The element r is then inserted between pl and l. For
our considerations, we need a concrete implementation of insertion sort. Consider a
singly linked list of double values defined by:

                                                          
1

In principle, there could be different representations of shape graphs in different regions of a
(large) program; see "Specifying Algorithm Visualizations: Interesting Events or State Map-
ping?" in this volume. This issue is not relevant for the small-program domain we are
working in.
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  /* list.h */

  typedef struct elem {
    struct elem* n;
    double data;
  }* List;

The code of insertion sort is provided in Fig. 1 (in this code, we show two labels that
will be used in discussions in future sections).

/* insertion.c */
#include "list.h"

List insert_sort(List x) {
/* sort list x, return sorted list */
  List r, pr, l, pl;
  r = x;
  pr = NULL;
  while (r != NULL) {
    /* while the suffix is not empty */
    l = x;
    pl = NULL;
    while (l != r) {
      /* P1: */ if (l->data > r->data) {
        /* P2: after positive outcome of
               comparison, move r before l */
        pr->n = r->n;
        r->n = l;
        if (pl == NULL)
           x = r;
        else
          pl->n = r;
        r = pr;
        break;
      }
      pl = l;
      l = l->n;
    }
    pr = r;
    r = r->n;
  }
  return x;
}

Fig. 1. Insertion Sort

3 Static Program Analysis, Shape Analysis, and Uncertainty

In this section, we provide a brief introduction to shape analysis, a particular  static
program analysis method, see [4]. This introduction provides enough details to ex-
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plain the proposed approach to algorithm explanation; for a detailed description of
shape analysis see [1].

3.1 Static Analysis

Static program analysis attempts to extract dynamic, i.e. run-time properties of a pro-
gram without actually executing it. Since most interesting properties of programs are
undecidable, the analysis can only be done by approximation. These approximations
must be conservative, i.e., reliably answer questions about the program. Since in some
cases, a static analysis does not know a more precise answer, a perfectly acceptable
answer is "I don't know". Static analysis—as defined in the theory of abstract inter-
pretation, see [5]—uses abstract domains, which are approximations of the concrete
domains on which the semantics is defined. The effects of the execution of statements
on abstract domain elements are described by abstract transfer functions, which are
approximations of the concrete semantics of the statements.

3.2 Shape Analysis

Shape analysis is a specific static program analysis technique. For a given program
and each point P in the program, shape analysis computes a finite, conservative de-
scription of the heap-allocated data structures that can arise when execution reaches P.
This description can be as strong as the invariant needed to prove correctness of the
program.

This invariant characterizes the data structures in the actual heap and is composed
of properties of individual heap elements. There are two kinds of properties; structural
and non-structural.

Examples of typical structural properties of heap elements are:

– being pointed to by a  specific pointer variable
– being pointed to by a pointer component of a heap element
– being reachable from a specific pointer variable or some pointer variable
– being the target  of at least two different heap pointers; and
– lying on a cycle.

Non-structural properties encompass properties such as having a data component
that is greater than that of the left neighbor (child) and smaller than that of the right
neighbor (child). All properties together are called observation properties.

In general, algorithms on linked data structures work on data structures of un-
bounded size. Any shape analysis has to find a representation of bounded size in order
to guarantee termination. An abstraction function maps concrete heaps to their
bounded representation. The shape analysis underlying our approach is generic and
represents a whole family of instance analyses. The abstraction function of a particu-
lar instance is obtained by selecting a subset of the observation properties, the so-
called abstraction properties. The abstraction function summarizes, i.e. maps to the
same abstract heap element, all concrete heap elements that do not have observable
differences in terms of the abstraction properties. All concrete heap elements repre-
sented by the same abstract heap element agree on their abstraction properties; i.e.
either they all have these abstraction properties, or none of them has them. Thus,
summary nodes inherit the values of the abstraction properties from the nodes they
represent. For non-abstraction properties, their values are computed in the following
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way: if all summarized elements agree on this property, that is they have the same
value, then the summary node receives this value. If not all summarized elements
agree on a property, their summary node will receive the value “don’t know”. There-
fore, there is a need for three values; two definite values, representing 0 (false), and 1
(true), and an additional value, ½, representing uncertainty.

The abstract heap is also called a shape graph, because it can be represented as a
graph, whose shape provides information about data structures in the heap. Note that
the set of nodes of the shape graph is determined by the set of abstraction properties;
in particular it does not change if one adds a new non-abstraction property (of course,
the value of this new property will have to be properly established for all abstract
nodes). The edges of the shape graph are computed by abstraction from binary con-
nected-by-pointer-component properties in a way exemplified in examples later on.

As the first, simple example of a shape graph, consider an acyclic singly linked list
of length at least 3 pointed to by a pointer variable x and connected by n-pointers.
Let's have as the only abstraction properties, the properties of the kind "pointed-to-by-
p", for all program pointer variables p. The corresponding abstraction function will
map the head of the list to one abstract element (unique node), let's call it u, since the
head is the only list element satisfying the property to be pointed to by x. The whole
tail of the list will be mapped to another abstract summary node, let's call it v, because
they all don’t have the property of being pointed to by x. Thus the shape graph for
this example consists of the two nodes; u and v.

Now, consider an additional, binary, non-abstraction property: "connected-by-n-
component". This property describes the edges when the data structure is seen as a
graph. No two different summarized list cells agree under this new property, since at
any one time a pointer component may point to at most one heap cell. Thus, whenever
we summarize several heap cells, the connected-by-n-component properties of the
resulting summary nodes have the value ½. Hence all edges in this graph are “uncer-
tain” edges, see Fig. 2.

Fig. 2. Shape graph for a singly linked list

In Figures 2, 3, and 5, which are based on the output from the TVLA system, the
following conventions are used: summary nodes appear in dotted rectangles, and
unique nodes appear in solid rectangles. Edges are solid if the value of the property is
1, and they are dotted if the value is ½. Program pointer variables are shown at the
top, with vertical arrows with solid tips indicating their values. Node names used in
the discussion in the paper are shown as labels of nodes.

For a second example of a shape graph, consider the Insertion Sort procedure of
Fig. 1, which has five pointer variables x, pl, l, pr, and r. They induce the five "is
pointed to" abstraction properties x(v), pl(v), l(v), pr(v), and r(v). Now consider the
reachability property rz(v), whether v is reachable from pointer variable z, and use
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Fig. 3. Shape graph for the insertion sort procedure

rx(v), rpl(v), rl(v), rpr(v), rr(v) as five additional abstraction properties. One of the shape
graphs that can arise during the sort procedure of Fig. 1 is depicted in Fig. 3.

Note that the reachability properties are crucial for obtaining such an abstraction.
The nodes represented by t1 are (only) reachable from x, the ones represented by t2
are also reachable from pl and l, and those represented by t3 are in addition reach-
able from pr and r. Since all these nodes have the reachability properties, we can
reinterpret the fact that several n-edges are uncertain, i.e., have value ½. Before, we
would interpret n(v,w) = ½ for a summary node w as “the n-component of the heap
cell represented by v may point to one of the heap cells represented by w”. Because of
the reachability information we can say, “the n-component of the heap cell repre-
sented by v points to one of the heap cells represented by w”. The n-edge bypassing
t1 represents the fact that this sublist may in fact be empty.

4 Algorithm Explanation

In this section, we describe our approach to algorithm explanation. We propose to
preprocess an algorithm by running a shape analysis on this algorithm and then visu-
alize an abstract execution. Instead of executing the algorithm with concrete input
data and on concrete states, it is executed with a representation of all input data and
on abstract states.

4.1   Focusing

Before we describe our proposed visualization, let's briefly recall from [6] the support
provided by shape analysis for the focusing on active parts of the heap contents, i.e.
those parts of heap data structures where the algorithm currently works. A component
of the data structure is active at some time during execution if one of the program’s
pointer expressions currently points to it. The set of pointer expressions occurring in
the program can be statically determined. For each pointer expression a predicate is
specified, which holds for heap cells accessed by the pointer expression. The abstrac-
tion function instantiated with this set of predicates will uniquely represent the acces-
sible heap cells and summarize the rest. The set of unique nodes is then called the
focus. This focus may still be too large for a point in the program since it is deter-
mined syntactically from the whole program. A simple preprocessing may, however,
suffice to narrow down on the locally active parts.

In this paper the issue of focusing will not be further pursued.
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4.2 Visualization of Non-structural Properties

This paper deals with algorithms on totally ordered domains. Our particular example
is an insertion sort, in which the order, dle, between data structure components is in-
duced by the total order on the data domain. The set of properties necessary to ana-
lyze Insertion Sort is listed next. We have already seen a partition of the set of prop-
erties into abstraction and non-abstraction properties. Now, we meet a different parti-
tion, into structural and non-structural properties. The structural properties concern
the connectivity in the data structure. The examples shown above used the following
structural properties:

   x(v)             is v pointed to by pointer variable x
   n(v1,v2)     does the n-component of v1 point to v2
   rx(v)            is v reachable from pointer variable x

The additional, non-structural, predicates are:

dle(v1,v2)                is the data-component of v1 less than or equal to the
                                data-component of v2
inOrderdle(v)            does v have no n-successor or is the data-component of v less 

        than equal to that of its n-successor.

Traditional algorithm animations map the sizes of elements into a different, visu-
alizable totally ordered domain, such as the height of the object representations.
However, the large number of such objects distributed all over the screen may be eas-
ily confusing; for example, if there are five or more objects of different heights.
Therefore, we are using a different representation of the order, by mapping these val-
ues to positions on the x-axis. As our examples will demonstrate, it is much easier to
understand the relationships between elements placed on the x-axis than having to
compare their heights. A particular problem associated with our approach to visuali-
zation is the necessity to deal with the lack of information about data values. Let us
try to show this by comparing how a sorting program works and how the shape analy-
sis of the sorting program works.

Once the input to the sorting program is given, the sorted permutation of this input
is uniquely determined (up to the placement of repetitions). The task of the sorting
program is it to compute the permutation. Its execution state “increases in sortedness”
by executing comparisons and reordering elements correspondingly.

Shape analysis applied to this sorting program starts with a description of all possi-
ble inputs and has to compute invariants at all program points, in particular show that
the postcondition holds, namely that upon termination the elements are sorted. Invari-
ants do not refer to actual data, but only mention relative sizes. For example, an in-
variant for a sorted sublist could be that the data-component of each but the last ele-
ment of the list is less than or equal to the data-component of its successor. This is
expressed by the fact that the inOrder property holds for the node summarizing this
sublist. Shape analysis abstracts from the values of data-components. Data structure
elements are thus incomparable to start with, but “gain comparability” by abstractly
executing conditions. Mathematically, we would say that only a partial order on the
elements of the data structure is known to the shape analysis. Abstractly executing
comparisons may insert elements into chains, i.e. totally ordered subsets of the partial
order.
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Fig. 4. A shape graph for a partially sorted linked list during insertion sort (at point P1)

Consider the insertion sort algorithm given in Fig. 1. Assume the inner loop has been
executed several times and that the current execution point is P1, i.e. just before
evaluating the condition l->data > r->data. One abstract heap at this point is
shown in Fig. 4. Horizontal arrows are implicitly labelled n. Unique nodes are shown
as rectangles and summary nodes as cubes; non-empty lists of nodes are shown as
cubes with an additional rectangle at the back. Dashed self-loops show that we deal
with summarized sublists, i.e. sets of heap cells connected by n-components. Finally,
the placement on the x-axis indicates the relative size of the represented concrete ele-
ments.The graph in Fig. 4 represents all lists with the following properties:

– pointer variable x points to the head of the list
– the head is followed by a non-empty sublist, in the figure represented by a sum-

mary node called t1
– the element following this sublist is pointed to by pointer variable pl
– pl's n-component points to an element pointed to by pointer variable l
– the element pointed to by l is followed by a possibly empty sublist, summarized

by t2, which is followed by an element pointed to by pr
– the prefix of the list up to the element pointed to by pr is already sorted, we there-

fore call it the sorted prefix
– the next element in the list is pointed to by pointer variable r; it is the one to be

inserted in the sorted prefix; the suffix of the list following this element is repre-
sented by t3

– the prefix of the list up to the one pointed to by pl have already been compared to
the element pointed to by r; we call the prefix they form the compared prefix.

This intuitive description is in fact part of the invariant for this program point. It con-
tains a “structural component” describing an infinite set of singly linked lists with a
set of pointers pointing into this list and some conditions on the minimal lengths of
sublists. It also shows sortedness and comparability properties of the represented list
elements and sublists.

4.3 Visualization of Uncertainty

There is a complication in using the above representation introduced by the fact that
some elements may be incomparable. Shape nodes are placed left-to-right according
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to the dle-order. Looking at Fig. 4 one could get the impression that all elements
shown in this figure are comparable with respect to dle. This is not the case, for ex-
ample, the element pointed to by r is incomparable with any element in the suffix of
the compared prefix starting at the element pointed to by l, since it has not been
compared with them. Therefore, we need a graphical representation of partial order on
shape nodes avoiding the impression of comparability between elements that are in
fact incomparable. For this reason, we consider ascending chains. The left-to-right
placement is then only relevant for nodes that are members of the same chain. We
define binary predicate inChain in the abstract domain as follows:

inChain(v, w)  iff the following three conditions hold:
if n(v, w) !=  0, then inOrder(v) = 1
if n(v, w) = 0, then dle(v, w) = 1
if w is a summary node, then inOrder(w) = 1

An ascending chain is either a single node v with inOrder(v) = 1 in case v is a sum-
mary node, or it is a sequence (v1,...,vn) such that vi inChain vi+1 for i=1, 2, ...,n.

As examples consider the two chains:

  x, t1, pl, l, t2, pr
x, t1, pl, r

in Fig. 4. In the following, we demonstrate two different ways to represent chains.
The first represents chains by patterns or colors; the combination of two or more pat-
terns or colors indicates that a node belongs to more than one chain. For example, the
first of our example chains in Fig. 4 may be indicated by vertically striped nodes, the
second chain may be indicated by horizontally striped nodes (nodes in both chains
exhibit both kinds of stripes). The second representation will be explained in Section
4.5.

4.4 A Transition

We will now describe what happens in the transition corresponding to the compari-
son “l->data > r->data”, assuming it is true. Fig. 6 shows the next state of the
algorithm, when the current program point is P2 (see Fig. 1). At this point, we have
the information, that “l->data > r->data”. This transition increases the sorted-
ness of the list as now the element to be inserted has found its place between the pl-
and the l-elements.

Fig. 5. Shape graph for Insertion Sort; as in Fig. 4; only one dle-edge needed to construct the
chains is shown. Nodes with the "iO" inside have the inOrder property.
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Fig. 6. A shape graph for a partially sorted linked list during insertion sort (at point P2, i.e. after
the comparison with positive outcome).

Therefore, the element pointed to by r appears now between these elements. There
is only one chain, representing the sorted prefix.

4.5 A Different View

Here we provide a different view to display the structural and non-structural proper-
ties of shape graphs in the context of sorting linked lists (recall their definitions from
the beginning of Section 4.2). In this visualization the structural properties are repre-
sented just as described for shape graphs in Section 3.2.  Non-structural properties are
implicitly represented by the placement of the boxes relative to each other, rather than
by explicit attributes, such as colors, used in the previous visualization. Now the non-
structural property dle(v1,v2) is implicitly represented by the fact that there is a hori-
zontal line that intersects the boxes corresponding to v1 and v2, moreover v1’s box is
to the left of v2’s box. The property inOrderdle(v) will be shown by the fact that the n-
arrow leaving v’s box emanates from the right border of that box. The case that prop-
erty inOrderdle(v) does not hold will be indicated by the n-arrow leaving v’s box from
the left border (e.g. the node pointed to by pr in Figure 8), and if it is unknown
whether the property holds the n-arrow emanates from the top or bottom side of the
box. The inOrder information is not explicitly represented in our first visualization,
but has to be deduced from the fact that the summary node is member of a chain.
Chains are now represented as follows:  if there is a horizontal line that stabs in left to
right order first v1's box, next v2's box, and so on up to vn's box, then (v1,v2,...,vn) is an
ascending chain. In Figures 7 and 8 we show this alternative representation for the
same situations depicted in Figures 4 and 6. This way of implicitly representing order
information is quite versatile, especially if rectangles of different heights are used for
the node representations. However, there are some intrinsic limitations in that only a
limited number of interacting ordered chains can be represented. These limitation are
a consequence of Helly’s Theorem, see [8].
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Fig. 7. Visualization from Fig. 4 with different representations of chains

4.6 A Résumé of Our Approach to Algorithm Explanation

Let us repeat the description of the construction process of an algorithm explanation
in slightly refined form:

1. Select a data structure and an algorithm to be explained. (In this article, it is Inser-
tion Sort implemented on linked lists.) Select the right set of observation properties
characterizing the data structure. In our setting, we split the set of observation
properties into subsets of structural and non-structural properties, and a subset of
all observation properties, the set of abstraction properties.

2. Run the system, TVLA, implementing the generic shape analysis instantiated with
these sets of predicates on the program. It will annotate each program point with a
set of shape graphs.

3. Define visualizations for abstract states, in particular of (the states of) the data
structures. Visual representations for nodes in the shape graphs have to be defined,
in particular representations for unique nodes and for summary nodes. Also,
graphical or geometric ways for visualizing chains have to be chosen.

Fig. 8. Visualization from Fig. 6 with different representations of chains
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4. Process the analysis output, i.e. the shape graphs associated with the program
points, according to the chosen visualization. In our case, this means determining
the graph layout, computing the ascending chains covering the partial order and
visually represent them.

5 Related Work

We deliberately do not compare our work to the vast literature on traditional Algo-
rithm Animation. The difference has been made sufficiently clear in the Introduction.
The corresponding literature will be discussed elsewhere in this volume.

To our knowledge, the only approach similar to ours has been tried by Amir
Michail at the University of  Washington see [7], who attempts to provide algorithm
explanation by programming in a visual programming language. His work was men-
tioned to us after a talk at the Dagstuhl Seminar on Software Visualization; see
http://www.dagstuhl.de/DATA/Reports/01211/, and we briefly describe it in this sec-
tion. Michail’s approach has been exemplified using Binary Tree Algorithms. There
are two important concepts in his approach: tree fragments and abstract nodes. Tree
fragments, visualized as triangles, correspond to our summary nodes and represent
connected subgraphs of binary trees (note that tree fragments do not need to form
subtrees). Abstract nodes, visualized by circles, always uniquely represent individual
concrete nodes. Nodes and tree fragments may bear colors to show respectively prop-
erties of the node or the sets of nodes. While for a node the color signals definite sat-
isfaction of the property, for tree fragments, the properties may existentially or uni-
versally hold (it is not clear from the visualization which of these two properties
holds, and additional specification is necessary to clarify this). A multi-colored tree
fragment indicates that different properties hold for disjoint subsets of the represented
nodes. There is no explicit and precise connection between graph components and
colors, for example, in the case of a binary search tree, there is no association of the
left subtree with the property "to be less than a key", and for the right subtree "to be
greater than the key".

The border between differently colored regions, a path, has special significance;
for instance, it may be a search path for a given key. A path has no color and so it is
unclear which properties nodes on this path will have.

The absence of a color means that the tree fragment contains no element with this
property (or maybe that not all elements have this property?). Many additional prop-
erties have to be textually described, for example the BST property. It seems that in
the absence of a semantics foundation, such as shape analysis, this approach produced
many ad hoc decisions and consequently introduced many inconsistencies.

6 Conclusion

A novel approach to algorithm explanation based on showing invariants was pre-
sented. The invariants are pre-computed by shape analysis, a powerful static program
analysis method. Using shape analysis is a first step towards the automatic creation of
algorithm animations. Further steps are needed. The number of shape graphs may be
far too large to be traversed by a viewer, because shape analysis exhaustively gener-
ates all cases the algorithm may encounter. A human explainer would be able only
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treat a small number of those cases to explain the algorithm (and by accident may
forget some very relevant cases). We foresee ways to reduce the number of cases
without loosing explanatory quality. Appropriate visualizations of structural proper-
ties have to be found and visualizations of non-structural properties have to be added
on top of them. A visual calculus is envisioned in which the results of the shape
analysis of a piece of software can be visualized more or less automatically.

We encountered this criticism: "You talk about automation and then you visualize
a single program." However, the specification for a data structure, e.g. a linked list, is
useful for many programs working on linked lists. If additional properties are re-
quired, say sortedness, only the corresponding predicates have to be supplied. An
even stronger counterargument is that the complete specification of our running ex-
ample was recycled from the (successful) attempt to verify partial correctness using
shape analysis, cf. [2], with no additional work required! This will be so in many
cases, since verification involves invariants, which sometimes can be computed by
shape analysis, and invariants is what we want to visualize.

The state of implementation of our approach is the following: The underlying
shape analysis is implemented in the TVLA system. Included in this distribution is an
traversal strategy designed to visually execute the result of the analysis. TVLA offers
a graphical output format using Graphviz. We are currently experimenting with more
adequate visualizations such as the ones in this paper.
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Abstract.

The multi-agent software platform DIET1 provides components to implement open, robust,
adaptive and scalable ecosystem inspired applications. The development, debugging and
monitoring of decentralised systems is a complex process. Adequate techniques and tools are
required to assist the application developer. This paper describes the outline of a platform for
visualising ecosystem inspired applications. The architecture provides fundamental components
and functions extending the DIET core layer by visual and interactive components. These will
allow the introspection and manipulation of applications built upon DIET without the need for
changing any application code.

1   Introduction

The increasing complexity of the current global information infrastructure (e.g. the
Internet) requires novel means of understanding and efficiently analysing the
dynamics of information. The formal concept of a Universal Information Ecosystem
(UIE) was introduced by the European Commission and may become one feasible
way to achieve this [1]. In a natural ecosystem material and energy are in a constant
interrelation. According to the UIE proposal the information flow between many
interacting software agents2 can be regarded similar to energy in a so-called
information ecosystem. In the same way to a natural ecosystem it is dynamic, noisy, to
some extent unpredictable, and decentralised [2].

In such a networked society, information providers and consumers frequently
interact, cooperate and compete with each other, while the surrounding environment
is in a constant flux due to progressive commercial, political, social and technological
developments. In this scenario the exchange of information is on a scale far greater
than can be handled by an individual in an appropriate time period. Information

                                                          
1 Decentralised Information Ecosystem Technologies
2 so-called infohabitants
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ecosystems ideas can improve our understanding of information infrastructures. One
feasible way to complete particular tasks is the implementation of ecologically
inspired interactions in computational architectures.

The development, debugging and monitoring of ecosystem inspired applications is
a complex process. Adequate techniques and tools are required to assist the
application developer. This paper describes the outline of a visualisation architecture
that extends the multi-agent software platform DIET by supplying visual and
interactive components. The main purpose of this visualisation platform is the
inspection and manipulation of applications built upon the DIET software platform.
Special emphasis has been laid on a flexible visualisation architecture that has
minimal effects on the observed application.

Section 2 gives a brief description of the DIET platform. Section 3 describes the
proposed visualisation architecture and explains how monitoring and analysis of
DIET applications is achieved. Section 4 illustrates some applications and their
visualisation. This is followed by a discussion about related work. Section 6
provides a brief indication of further work.

2   The DIET Platform

The DIET project [3] focuses on the development of a lightweight multi-agent
platform that serves to implement complex information management tasks in a real-
life context. Following the design philosophy of the project the DIET platform is
implemented in a decentralised, distributed, and ecologically inspired way. This
design approach supports the development of open, robust, adaptive and scalable
DIET applications.

The DIET software platform is designed based on concepts and techniques inspired
from natural ecosystems. The platform consists of one or more environments, which
accommodate large numbers of lightweight software agents, so-called infohabitants.
They share common environmental resources and are capable of communicating with
each other to carry out system functions and collectively support applications. DIET
software agents are designed to accomplish very simple behaviours and can react
rapidly to new information with minimal processing.

The architecture of the DIET software platform is layered, incorporating
modularity that allows for the flexible extension of the framework. The kernel of the
DIET software resides in the bottom layer, the core layer. It provides the fundamental
functionality available to all implementations in the DIET architecture, but also
embodies the constraints under which all DIET software agents must operate. Based
on the Observer Design Pattern [4] there are visualisation hooks to the basic DIET
objects that allow the observation of these objects in a non-intrusive and only loosely
coupled way. This is done in a publish-subscribe manner that allows the subscribed
observer to keep track of all changes of the internal state that are published by the
observed subject. The application reusable component layer (ARC layer) includes
optional components that are useful to various applications. It also contains general
filtering and viewing components that allow for the visualisation and debugging of
DIET applications. The application layer is the third layer and contains application-
specific code. Associated with this layer may be specific visualisation components, to
enable the visualisation of applications developed using the DIET platform [5].
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3   The DIET Visualisation Architecture

In recent years, there has been a great deal of interest in visualisation and debugging
of traditional distributed systems. As a result, visualisation tools for parallel
debugging, performance evaluation and program visualisation have been developed
[6].

Furthermore several agent-building toolkits like DCM [7], ZEUS [8][9] and AMS
[10] have provided agent development environments together with basic visualisation
support. These agent-building frameworks have substantially improved the study and
development of collaborative multi-agent systems. Regarding visualisation these
approaches, however, have several limitations not suitable for the DIET architecture.

In order to work properly, the visualisation components are realised as agent
systems themselves using a certain message protocol to communicate with a
heavyweight multi-agent system to be monitored and manipulated. By contrast, the
DIET approach favours the design of lightweight agents that lack the implementation
of a special message protocol for the sake of openness as well as a minimal core
implementation allowing the creation of a large number of agents with very little
overhead.

Fig. 1. DIET visualisation platform. Events (arrows) are created by the DIET application and
processed by the visualisation platform in order to analyse the application.

As an attempt to address some of the limitations in recent agent-building toolkits,
the DIET visualisation architecture is designed as a distinct module. DIET agents
have no complex communication protocols that can be analysed and used for
visualisation purposes. Instead, the DIET core software provides a basic event
protocol. Events relate to the creation and destruction of elements, modification of
element state, and interactions between elements in the DIET application and
establish a hook to the visualisation platform. In this way, the visualisation can act as
a non-intrusive observer. As a result, the design of the architecture enables the
introspection of applications without the need for changing any application code.

The DIET visualisation platform is constructed as a three-layer architecture, in
order to improve the visualisation performance and to minimize resulting side effects.
A visual programming interface supports the creation of user defined visualisation
networks. Figure 1 shows the configuration of the DIET visualisation platform. A
brief description of the layered concept will be given in the following sections.



398         R.H. van Lengen and J.-T. Bähr

3.1   Hierarchical Application State Tracker

The DIET core layer provides the fundamental components and functions that are
common to all implementations in the platform. In particular, two indispensable
components of DIET are present here, environment and infohabitant. An Environment
provides a location for infohabitants to inhabit and a number of services to secure
infohabitant activities. An Environment is also responsible for creating and destroying
infohabitants when necessary. The concept of environment can be extended to a world
when DIET runs with infohabitants in multiple environments. A world represents a
collection of environments running on the same machine.

In the DIET platform, infohabitants have no direct reference to their environment
or each other. Instead, the core provides special mechanisms, which ensure that all
infohabitants obey the constraints of the system in their activities. These mechanisms
also support extensive “hooks” to be placed in the core to observe the interactions
between infohabitants and their environment and between pairs of infohabitants.
These hooks are the basis for building the visualisation and debugging platform.

Fig. 2. The Hierarchical Application State Tracker. The figure illustrates a simple example with
two environment state trackers (EST0, EST1) and six infohabitant state trackers (IST0, ... , IST5).

In the truly decentralised DIET architecture there is no central entity that can be
queried about overall system properties. So it is up to the visualisation and debugging
architecture to take care of such properties. The DIET visualisation platform is
designed as a three-layer architecture. The visualisation process is accomplished in a
publish-subscribe manner, which allows the subscribed observers to keep track of the
internal state of the DIET components. The first architecture layer consists of the so-
called Hierarchical Application State Tracker (HAST), which is organised in a
similar way as the DIET world. Environment, infohabitant, communication and
property state trackers are provided, each of them responsible for the corresponding
component in the DIET hierarchy.

The HAST is not only listening to incoming events. The HAST reflects the internal
state of the application and it will be possible to store the event history in a database
for later evaluation. In addition, it aggregates data about a running application, e.g.
the number of environments and the number of infohabitants in each of the state
tracker as well. In addition to the simple properties directly defined through the
application itself describing the local state of infohabitants there are derived
properties of DIET entities that can be used to illustrate more global states of the
application. For the purposes of the filtering and viewing tasks in the next layers of
our visualisation architecture all these properties are treated in the same way, which
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makes it easier to combine, compare and compute them in a unified way to define
views tailored to the specific needs of developers.

3.2   Filter Layer

Having in mind that a DIET application may consist of many more agents than
conventional agent systems, the developer should be supported to handle the
additional complexity. This includes the definition of filters and more sophisticated
expressions derived from simpler ones to support the understanding of an application
on a higher level. The developer may use his a-priori knowledge of the expected
behaviour to formulate conditions and expressions that will assist him in visualising
interesting information “hidden” in a possibly huge amount of events.

In order to improve the visualisation performance the user can determine which
events are passed to the filtering layer of the visualisation architecture. In the filtering
layer new complex properties can be composed out of the existing simple and derived
properties the Hierarchical Application State Tracker layer offers. Event methods and
their parameters (objects) can be customised by predicates. Simple and complex
predicates are provided by the visualisation framework (the HAST) and by the user,
respectively. A simple predicate, for example, is the GT (greater than) predicate. The
GT predicate is applied to the property (e.g. resource) of an event object. It returns the
Boolean value true if the property is greater than a pre-defined value. Complex
predicates are used to concatenate simple predicates with Boolean operators and thus
allow to phrase conditions for filtering or for usage as watch points to indicate certain
incidents.

As a refinement step for the filtering process it is possible to manually select one or
more graphical representations of DIET elements and treat this conglomeration of
elements as a single element. It is also possible to feed this selection information back
into the filtering process to adjust the current view. This is also an opportunity to filter
elements without the need to specify explicit conditions but just to use the visual
information presented to the user. While it is in some cases not so easy to define a
predicate for filtering it may be more adequate for filtering larger amounts of
infohabitants or to perform searches for certain property values. Hence the definition
of predicates and the manual selection and grouping of DIET elements complement
each other.

3.3   Viewing Layer

The third layer of the visualisation architecture consists of the viewing layer.
Analogous to the filter concept a view registers as listener with the HAST hierarchy
or with one or more filters. In the case of a corresponding event, the listener calls a
suitable event method.

A view is a frame that contains a collection of so-called layouts. Different layouts
will be provided by the platform, e.g. Spreadsheets, 2D-Graphs and 3D-Graphs. Each
of these layouts contains simple graphical objects representing selected DIET
components (e.g. infohabitants, properties, etc.). Simple graphical objects comprise
icons, charts or textual information. The appearance of a graphical object can be
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customized to increase their visual perception or to meet special visualisation
requirements. Out of the number of possible properties the user can choose which to
map by customising the look of the graphical component, e.g. its colour, size, shape
etc. In this way it is possible through the combination and customisation of graphical
objects and their layout to present a variety of views to the developer.

A number of predefined standard views will serve as a starting point for
inspections of the DIET world. Similar to the proposed interaction view in the
Developer’s Conceptual Models [7] we offer a WorldView. In a prototype
implementation infohabitants and their communication connections are presented in a
mass-and-spring model graph where infohabitants connected to each other are
attracted by spring forces while other infohabitants are repelled (s. Fig. 3). Together
with a TreeView to navigate through environments and their infohabitants these two
views can be used to get an overview of all environments and infohabitants. An
additional AgentView will show more information about individual agents. Another
view presents statistical data about the application to the developer. In the context of a
system containing a very large number of agents this is even more important than in
most existing agent systems where the number of agents is relatively small.

Currently several pre-defined simple views are offered by the visualisation
platform, e.g. the World View and the Tree View. These views are in an experimental
stage and serve to test the layered concept of our architecture. They are currently not
customisable and consist of a single layout only.

4   An Example

In order to show the potential of the DIET approach the platform has been applied to
several illustrative tasks. The Sorting application is a simple example that tests and
verifies the basic features of the DIET core layer and the visualisation platform,
respectively. Figure 3 shows a snapshot of this application while it is visualised by the
WorldView.

In this application, a set of so-called Linker infohabitants is sorted according the
binary value of their identities. Linker infohabitants are inactive and only react to
incoming messages from other infohabitants. Each Linker tries to maintain a
connection to two other Linkers: both as close as possible to its own identity but one
with a lower identity value and one with a higher identity value. When a Linker
receives a message with the identity of another Linker, it checks if it improves either
of its existing links. If it does, it updates the link and sends its own identity to the
corresponding Linker. Otherwise it forwards the received identity to the link with an
identity closest to it. The sorting is continuously triggered by so-called Trigger
infohabitants. In contrast to Linkers the Triggers are active infohabitants. They trigger
the Linker infohabitants to improve their links by randomly selecting two Linkers and
tell one about the other’s identity.

Although this application is quite simple it has a few interesting features. The
sorting application is robust to failures. The result is always a perfect sorted list even
when there are failed connections and rejected messages due to temporary high
system load. In addition, the system is very scalable: it can handle at least 100000
infohabitants in an experimental simulation.
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Fig. 3. Visualisation of the sorting application. Left: Individual Linker and Trigger
infohabitants are shown by blocks – lines between them indicate links being formed between
infohabitants. Right: A visual programming interface supports the creation of user defined
visualisation networks. The network in this example consists of a HAST, a simple filter and the
WorldView.

Visualisation of the application proved that when the sorted sequences become
longer, a single trigger action leads to more system activity. This behaviour is
explained by the fact that more messages are being cascaded along the sequence. The
simulation showed that as the algorithm progresses all Triggers should trigger less
often for optimal performance. A simple mechanism ensures this behaviour.
Whenever a Trigger fails to send a message or fails to setup a connection it increases
its sleep interval. At the beginning of the simulation the sleep interval is set to an
initial value.

5   Related Work

In recent years, there has been a great deal of interest in visualisation and debugging
of traditional distributed systems. As a result, visualisation tools for parallel
debugging, performance evaluation and program visualisation have been developed
[6]. Furthermore several agent-building tools are available to assist with the tasks of
building distributed agent-based systems. However, visualisation and debugging these
systems is a relatively new field of research in artificial intelligence.

Liedekerke and Avouris have introduced a multi-agent system development tool,
based on the innovative concept of the so-called Developer’s Conceptual Models
(DCM). These are multiple complementary abstractions of the multi-agent system
under development concentrating on specific aspects of the system. In relation to
these abstractions, several system views are defined that allow a graphical
representation of the selected aspects of the system state and its dynamic behaviour.
An agent view to illustrate agent internal information or an interaction view to show
dynamic communication are examples for these specific system views [7].

The ZEUS Agent Building Toolkit [8] [9] facilitates the rapid development of
collaborative agent applications through the provision of a library of agent-level
components and an environment to support the visualisation and controlling of
distributed multi-agent applications. In relation to the DCM concept ZEUS offers a
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suite of tools, with each tool providing a different view of the application being
visualised. A mailbox handles the communication between the observed application
and the viewing tools. A message handler processes incoming messages received by
the mailbox and delivers them to appropriate viewing tools, which have registered
their interests in a context database in advance.

The Agent Management System (AMS) [10] focuses on the visualising, monitoring
and analysing of in-service agents and the fulfilment of their service tasks through
service level agreements. Although AMS is designed to be used in different multi-
agent environments it relies completely on the co-operation with the agents to be
monitored. It is designed as an agent system itself. The information management
agents deal with the communication of internal and external agents and with storing
events into a database. Analysis and visualisation agents perform analysis and
viewing of the collected data and present it in three different views called agency
level, agent level and domain level. The first one concentrates on the whole agents
society and the communication between these societies. The second one describes the
internal states of agents and the third presents the overall performance of the domain
task.

6   Further Directions

The design of the DIET platform as an information ecosystem focuses on the
development of agents that are much simpler compared to those in most existing
systems, and that do not rely on centralised services, but explore their surrounding
environment by the means of local communication with other infohabitants. Together
with evolving and changing strategies of infohabitants there is a need to visualise such
behaviour (leading to domain task and co-operation views). While it is easily possible
to perceive the fact that communication between infohabitants occurs and to show its
intensity it is not as easy to analyse and categorise the kind of communication. It
might be of high interest to distinguish if the infohabitants try to group together and
fulfil tasks co-operatively or if they compete with each other for scarce resources.

To solve this we will examine the usage of the above-mentioned filtering
techniques for communication and message traffic. In conjunction with the ability to
combine different views of the system, borrowing from the idea of “debugging via
corroboration” introduced by Nwana et al. [8], we hope to facilitate a deeper
understanding of the overall system behaviour.

For further support of debugging and steering the DIET core layer will provide
functionality to influence the DIET world, e.g. by creating and killing infohabitants
via direct user input. The visualisation and debugging platform will provide
functionality allowing the building of an appropriate graphical user interface on top of
the DIET core layer to support the development of infohabitants that directly
communicate with the user.

7   Conclusions

In this paper we have presented a three-layered architecture for visualisation and
debugging of an ecosystem-inspired multi-agent system, which tackles the special
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requirements of such a system. This architecture offers the possibility to visualise a
wide range of possible applications with no changes to actual application code, good
scalability with respect to the application, and in conjunction with flexible filtering
capabilities to handle huge amounts of events, and a highly customisable set of views,
together with the ability to easily generate new tailor-made views. This architecture
shall serve as a framework for future investigations into the visualisation of adaptive
and emergent behaviour of lightweight agents.
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