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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 Kerren! and John T. Stasko?

' FR 6.2 Informatik,
Saarland University,
PO Box 15 11 50, D-66041 Saarbriicken, 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 [33I78]. 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 [3Y]. In this

S. Diehl (Ed.): Software Visualization, LNCS 2269, pp. 1-[I3, 2002.
© 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 [1144]
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
BALsaA [1918] 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 Zreus [I1], CAT [14], and the later Java based
system JCAT [I8] 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], the ALADDIN system [45/42], the MOVIE system [6], animations
for algorithms textbooks [37I38], 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 [2§]. 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 [T98] and has been used
in many algorithm animation systems including its successor ZEUS [I1]. As men-
tioned above, the visualizer identifies key points in the program and annotates
these with TE’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 [7I76] 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 [I0], 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 [f].

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 [2]] 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 Zrus [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 [L755]. 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 [I3]. 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 [80] 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 TpPM [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



8 A. Kerren and J.T. Stasko

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 Bésken and Néher 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 [3] 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.



Algorithm Animation 9

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 [60J61] 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 BTEX. 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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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 [4T2T3I15I21].

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 Bl Section Bl 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 [} 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++4. 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[], 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 [14l16], Leonardo [9],
and WAVE [10]. Toolkits such as CATAI [§], 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
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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.uniromal.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[]1={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-11>v[il) {

6 int temp=v[il; v[il=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[ll). 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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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[il > 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 *locl = 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]l->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 [Th.

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. *k /

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 [Tb.

Even if imperative state mapping specification has also been considered (see
WAVE [I0]), 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 E3]). 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 B] performs this concurrent animation.
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int len = blocks[i]->Program(time,&a);
blocks [j]->Program(time,b);
time = Animate(time,len);

© 00 N O

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

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;

1.}

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,0ut 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 7 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 Bl
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[0 = {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]1 > v[il) {

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);



Specifying Algorithm Visualizations 27

Action b("COLOR","red");
blocks[i]->Program(time,&a) ;

int len = labels[i]->Program(time,&b);
time = Animate(time, len);

return len;

O 00 N O O

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,0ut 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",locl,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.

T. 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 L3l 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,0Out 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.
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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.

References

1. R.K. Ahuja, T.L. Magnanti, and J.B. Orlin. Network Flows: Theory, Algorithms
and Applications. Prentice Hall, Englewood Cliffs, NJ, 1993.

2. J. Bentley and B. Kernighan. A System for Algorithm Animation: Tutorial and
User Manual. Computing Systems, 4(1):5-30, 1991.

3. M.H. Brown. Algorithm Animation. MIT Press, Cambridge, MA, 1988.

4. M.H. Brown. Perspectives on Algorithm Animation. In Proceedings of the ACM
SIGCHI’88 Conference on Human Factors in Computing Systems, pages 33—38,
1988.

5. M.H. Brown. Zeus: a System for Algorithm Animation and Multi-View Editing.
In Proceedings of the 7-th IEEE Workshop on Visual Languages, pages 4-9, 1991.

6. M.H. Brown and M. Najork. Collaborative Active Textbooks: a Web-Based Al-
gorithm Animation System for an Electronic Classroom. In Proceedings of the
12th IEEE International Symposium on Visual Languages (VL’96), pages 266-275,
1996.

7. P. Carlson, M. Burnett, and J. Cadiz. Integration of Algorithm Animation into
a Visual Programming Language. In Proc. Int. Workshop on Advanced Visual
Interfaces, 1996.

8. G. Cattaneo, U. Ferraro, G.F. Italiano, and V. Scarano. Cooperative Algorithm and
Data Types Animation over the Net. In Proc. XV IFIP World Computer Congress,
Invited Lecture, pages 63—-80, 1998. To appear in Journal of Visual Languages and
Computing. System home page: http://isis.dia.unisa.it/catai/.

9. P. Crescenzi, C. Demetrescu, I. Finocchi, and R. Petreschi. Reversible Execu-
tion and Visualization of Programs with LEONARDO. Journal of Visual Lan-
guages and Computing, 11(2):125-150, 2000. Leonardo is available at the URL:
http://www.dis.uniromal.it/ demetres/Leonardo/.



30

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

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

C. Demetrescu, 1. Finocchi, and G. Liotta. Visualizing Algorithms over the Web
with the Publication-driven Approach. In Proc. of the 4-th Workshop on Algorithm
Engineering (WAE’00), LNCS 1982, pages 147-158, 2000.

K. Mehlhorn and S. Naher. LEDA: A Platform of Combinatorial and Geometric
Computing. Cambrige University Press, ISBN 0-521-56329-1, 1999.

B.A. Myers. Taxonomies of Visual Programming and Program Visualization. Jour-
nal of Visual Languages and Computing, 1:97-123, 1990.

B.A. Price, R.M. Baecker, and I.S. Small. A Principled Taxonomy of Software
Visualization. Journal of Visual Languages and Computing, 4(3):211-266, 1993.
G.C. Roman and K.C. Cox. A Declarative Approach to Visualizing Concurrent
Computations. Computer, 22:25-36, 1989.

G.C. Roman and K.C. Cox. A Taxonomy of Program Visualization Systems.
Computer, 26:11-24, 1993.

G.C. Roman, K.C. Cox, C.D. Wilcox, and J.Y Plun. PAVANE: a System for Decla-
rative Visualization of Concurrent Computations. Journal of Visual Languages and
Computing, 3:161-193, 1992.

A. Schliep and W. Hochstéttler. Developing Gato and CATBox with Python:
Teaching Graph Algorithms through Visualization and Experimentation. In Pro-
ceedings of Multimedia Tools for Communicating Mathematics (MTCM’00), 2000.
J.T. Stasko. TANGO: A Framework and System for Algorithm Animation. Com-
puter, 23:27-39, 1990.

J.T. Stasko. Animating Algorithms with X-TANGO. SIGACT News, 23(2):67-T1,
1992.

J.T. Stasko. A Methodology for Building Application-Specific Visualizations of
Parallel Programs. Journal of Parallel and Distributed Computing, 18:258-264,
1993.

J.T. Stasko, J. Domingue, M.H. Brown, and B.A. Price. Software Visualization:
Programming as a Multimedia Experience. MIT Press, Cambridge, MA, 1997.



Perspectives on Program Animation with JeliotH

Mordechai Ben-Ari!, Niko Myller?, Erkki Sutinen?, and Jorma Tarhio®

! Department of Science Teaching

Weizmann Institute of Science
Rehovot 76100, Israel

moti.ben-ari@weizmann.ac.il

Department of Computer Science
University of Joensuu

P.O. Box 111, FIN-80101 Joensuu, Finland
{nmyller,sutinen}@cs. joensuu.fi

Department of Computer Science and Engineering
Helsinki University of Technology

P.O. Box 5400, FIN-02015 HUT, Finland
jorma.tarhio@hut.fi

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
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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 [2J4] 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
[T], 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
Eliot, 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 [A] 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. UWPT [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 [II], VCC [I12], 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.
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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 T 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 [T 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.
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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 ).

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 T 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 [I5]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
[2122], 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:

4

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.

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
[BI] 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
BluelJ [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 [Il13]. 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 [9J8]. 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 [I5]). 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

S. Diehl (Ed.): Software Visualization, LNCS 2269, pp. 46-[57, 2002.
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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 H] 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 Bllive and
mixed mode animations of an algorithm which computes least upper bounds.
Section [B] concludes.

Algorithm

GANILA Annotated algorithm

compiler written in GANILA
7 run-time |
2 Recorder
¥
[-11
Algorithm .
module IE. mode, pp ) slep, trace, back, GUI
— Control - —
Local and change settings Settings
global varables|
: HE i
= E Views &
;:
2
Threads for parallel Base package
execution of N Graph layout *
rogram points graphical L"lrl[lpl?llt."lll.‘i
prog p with specific interface

Fig. 1. The GANIMAL Framework

2 The GANIMAL Framework

Based on GANIMAM [I0] and the experiences found in related work [6/I6] we
designed the GANIMAL Framework, see Figure [l 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 ) 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.

Eg_;aﬁanimal - Control Interface [_ (O] x|
File Run Window Theme Help

®@c Abstract Syntax Tree
< puhlic void Heapifydint iy -
intl, rlargest,
> ALTERMATIVE B
I=Letftii);
r=Right(i};
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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.

oW v v v

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” [I4] 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 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[il; *IE_MoveToTemporary(i);
ali] = al[jl; *IE_MoveElement(i,j);
alj] = 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 al[i] and finally the value of the auxiliary variable would
be moved to al[j]. So far, the GANILA events (GEvents) work very much like
those in other multi-view event-based algorithm animation systems like ZEUS
M]. 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 2l 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 [I1].

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);
Afi] 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



Animating Algorithms Live and Post Mortem 51

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=al[0];
for(int i=1;i<a.length;i++)
{ *IE_Compare(a,i,min);
if (alil<min) min=alil;
}
*}
*ALT
*{ min=ala.length];
for(int i=a.length;i>=0;i--)
{ *IE_Compare(a,i,min);
if (alil<min) min=alil;
}
*}

3.4 Parallel Execution

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

*x{ *xIE_AssignTemporary(1l,i); helpl = a[il; =}
x| | *{ *IE_AssignTemporary(2,j); help2 = al[jl; =}

*x{ *IE_MoveTemporary(j,1); al[j] = helpl; =}
x| | *{ *IE_MoveTemporary(i,2); alil = help2; *}

In the above program first the two assignments to helpl and help2, as well
as the respective events are executed in parallel, then the two assignments to
ali] 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(alil>=al[2*i+1] && alil>=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 al[i]>=a[2*i+1] && al[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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(Galbil”

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].

FigureBlillustrates 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’,d’)
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 dl 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 [I2].
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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.[Il. 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 abstractionsin the design
which are the objects in the program [33].

collection

O
2 4 5 7

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, [7143], procedures [27]
or mapping rules [25]TTJT2] to extract abstractions from their implementations
B2).

This technique, as embodied in the Tarraingim (from the Gelic to draw)
visualisation system [32/33I34]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 Tarraingim 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.
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Fig. 2. Tarraingim abstract views

Fig. Bl shows a number of Tarraingim 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.
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Fig. 3. Tarraingim Quicksort views

Tarraingim 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 Tarraingim, 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,
Tarraingim is assured of monitoring all the computation performed in the context
of the design abstraction which that object represents.

Fig. [ 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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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 [22J3T]. 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 [I9]. 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 APMYV 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 shadouf]. 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.

List

Link Link Link Link

Fig. 5. A linked list and its shadow

For example, consider an object implementing a simple linked list (see Fig. ().
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.

! 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 erposure — 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 APMYV 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.

Source
in out
Destination|in |internal representation
alias exposure
out|external external
dependence|alias

Fig. 6. Categories of Aliases
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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 deleted?. The exterior of a is all ob jects 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 ¢ then a also owns ¢ 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 ¢; 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 a3z but there is no edge between a and as.
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 [2J26]. 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 [I8], Balloon []
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 ¢; 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.[§, for the object graph from Fig. [] This visualisation exhibits a
more obvious tree structure and requires significantly less space than the layout
in Fig. [

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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|J,

T

Fig. 8. Ownership Tree Visualisation

hip bar. In the example, r refers to a and b, a refers to a; and a4 and b refers to
by and by 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, a; refers to as and ¢; 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. B simply, that the visualisation’s layout
is a tree. While graphs are notoriously difficult to lay out [3I35J44], 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.[d). 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. [ 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.

LinkedList LinkedList Element Element Element Element Element
;s = :

- -

- - -
e

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, §2T)) and an aggregate object’s interior (the set of objects
reachable only via that aggregate, §23)). 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 object 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. [[0] 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. [Il 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].



68 J. Noble

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.

Interior

Link Link Link 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 [49J50] have gained some practical use, while the IBM
program explorer and the Self programming environments were similar rese-
arch systems [2002138)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 [20/36l37]. 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 [41J47]. Most of
these systems focus on programs’ execution behaviour rather than relationships
between objects. Notable exceptions include Super-Jinsight, which can display
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objects referred to or referring to a selected object [36l87[39], and the extended
DDD system which uses Sugiyamafl 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 [§].
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 goa of the presented work is partia 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 ideaisto 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 agorithms work, is one of the most
significant requests pointed before software designers. It is an essentia 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, essentia 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 crucia 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 crucia 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
manua 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 createit, and vice versa.

The method proposed in this paper is a means for partia 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 againg which al 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 toals. 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 al the abstraction
concepts have to be programmed manualy. 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 partia or full
automation, but they produce simple visualizations, with low level of abstraction. In
the Samoa 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 specia 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 generd contradiction between automation and
abgtraction (maybe with exception of UWPI). What lacks the software visudization
systems, isthe ahility to create abstractions automatically. Price, Baecker and Small made
of thisability one of the 47 categoriesin their taxonomy, caling 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 agorithm
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 thisis 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 agorithm
animation, described below, alows obtaining such visualizations automatically.

4 Data Flow Driven Method of Algorithm Animation

The method of algorithm animation based on data flow tracing alows 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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Fig. 1. Modes of visualization of exchange of two values

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 avalue. A variable
iscaled valuated if it has avalue.

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 visudization 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 operationsthat form theinput 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,
caled 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 trandation 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 typica data flow
operation, thisis not only the value, that changes, but aso the address of thisvalue. 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 amovement of agraphical 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 agorithm execution process may be described with a Petri net in which places
represent variables, and transitions represent elementary operations of data flow. An
exampleis 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 obviousy 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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e

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 agorithm is such a set of executed
consecutively operations, that it is possible to execute them in paralel,
synchronously, without changing the meaning of the algorithm.

Examples 11 a =35;
2: b = 10; /] step #1
3: ¢c=a+b;
4. d = a * b; /] step #2
5. ¢c =c¢c + d; /] step #3

One can easily notice, that instructions 1 and 2 may be executed in any order or in
paralel 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 afunction 7(t) designates the time of firing the transition t. Let *t be the input
set of atransition t, and t* be the output set of atransition t.

Definition 4.3. Operations represented with transitions t,, t, 7 , where 7(t) < 1(t,),
are called dependent, if t* » *t, # [J. We say that there is arelation of dependency
between them (fig. 3a).

Definition 4.4. Operations represented with transitionst,, t, 7 are caled sequential, if
t* n t* #/[J. Wesay that thereis arelation of sequence between them (rys. 3b).
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Definition 4.5. A single-step net is a Petri net, in which al the represented operations
bel ong to the same synchronous step of agorithm.

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

Ot,t, OT: () <r(t,)0 t*nt*=t*n*t, =0

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 thislemmamay be found in [6][7][8].

Fig. 3. Cases, inwhich transition T may not befired in parallel: a) dependency; b) sequence

4.4 Single-Step, Single-Color Algorithm

The single-step, single-color agorithm (table 1) is executed each time when an
elementary data flow operation is reported to the visualization engine. It corresponds
to the operation Play asit 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 afirst approach to the actual solution.
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Table 1. Single-step, single-color agorithm

/1l PNis a Petri net where operations that
/1 belong to the current step are collected
Play (Fj i) // reporting Fj —i data fl ow operation

/1l OPis Petri net representation of Fj i
P = {pi - tj-i - pj};

bool dependency = fal se;

bool sequence = fal se;

/1 test for dependency and sequence
for (each transition ty<x O PN)

{
if (i ==vy) dependency = true;
if (j ==y) sequence = true;
}
if (dependency || sequence)
Ani mat e( PN) ;
PN = [O;
}

PN = PN O OP;

45 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 anet and let:

{p-t.-p}t0{p -t ,-p}LPN
A transformation of gluing P, — P, around P, we call such a transformation of the net
PN, in result of which a net PN' is created, in which operation{ p, - t., - p }is
replaced with{ p, - t_, - p } (fig. 4a):
PN'=PN-{px > tjex > pj}{pi -tj<i ->pj}
Definition 4.7. Let PN(P, N, F) be anet and let:
{pi - tx<i - px}{pk - txk - px} PN.

A transformation of interception of P, — P_by P, we call such atransformation of the
net PN, in result of which anet PN' is created, in which operation{p, -t _, - p }is
removed (fig. 4b):

PN = PN'{p| > Xl = pX}

In above definitions { p, - t., - p, } 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 P, — P, around P, and interception P, — P,
by P, do not change the semantics of the algorithm represented by the transformed
Petri net, under the condition, that — in both cases — P, represents an unimportant
variable.

The proof of thislemmamay be found in [6][7][8].

T><<—i T<—><
H—»( )——»'——»( ) ——>
P P, P

a)

b)

Fig. 4. Application of gluing (a) and interception (b) spatia transformations of Petri nets in
single-step, three-color algorithm

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). Obvioudly 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
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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 fina tuning involved also some detailed
limitations in collecting operations, especially when visualizing iterations.

Table 2. Single-step, three-color algorithm

Play (Fj.i) if (pj is in the observer’s
area of interest)
P ={pi - tj.i - pj}; G = BLACK
bool dependency = fal se; else if (sequ.ence)
bool sequence = fal se; G = GREY;
el se
for (each transition ty.x O PN G = VHITE
if (i ==vy) |/§ (gl u|:n:9 (g%E-Y)pJ around pj

d = x; dependency = true; {
} OP ={pyg - tj.a - pj};
(== y) G = BLACC
dependency = fal se;

S = X; sequence = true; }
} } /1l interception ps - p; by p;
if (G == GREY)
/1 setting the colours {
if (pi is in the observer’s area PN = PN - {ps-tj._s-pj};
of interest) sequence = fal se;
G = BLACK; }
el se if (dependency) if (G = WITE
G = GREY; &% G != BLACK) return;
el se
C = WH TE; if (dependency || sequence)
} { Ani mat e( PN) ;
PN = [O;
}
PN = PN O 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 agorithm
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 Samoa, 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.

Daphnisisagenera purpose algorithm animation system. It means that it is capable to
visualize action of agorithms of any class The system works under Windows 9x,
Windows NT 4.0/2000 or newer operating sysems, 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 isinvasive.

To create a projection in Daphnis three steps must be done:

Annotating the program sour ce 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 alow 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
reguire 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 genera rules of projection engine structure. In genera, the
configuration script contains a series of definitions of objects, caled actors. Each
actor is connected with an individual variable subjected to visualisation and with
graphical element (called grel), that represents the variable. It a'so contains a set of
trandation rules, that determine the way, in which values or addresses of the
visualised variables should be trandated 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);
Qui cksort(arr, p, Q);
Qui cksort(arr, g + 1, r);

}
}
int Partition(int arr[], int p, int r)
{ Register("p", &p); Play(&p);
Regi ster("r", &r); Play(&r);
int x = arr[p]; Regi ster("x", &); Play(&x);
int i =p- 1 Register("i", & ); Play(&);
int j =r + 1 Regi ster("j", &); Pay(&);
while(1)
{ do { j--; Play(&); }
while (arr[j] > x);
do { i++ Play(&); }
while (arr[i] < x);
if (i <j)
int tnp = arr[i]; Regi ster("tnp", & np);
Play(& np, &arr[i]);
arr[i] = arr[j]; Play(&arr[i], &arr[j]);
arr[j] = tnp; Play(&arr[j], & nmp);
UnRegi st er (& np) ;
}
el se
{ UnRegi ster(&p); UnRegister(&);
UnRegi ster(&x); UnRegister(&);
UnRegi ster(&);
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 callsin the listing above; this is how alink between a
graphical definition and an actual valueis 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;
w dth = 20;
hei ght = linear(0, 100, 50, 200);

/1 we use sinple calculations to nake colors nore interesting
redBrush = (#index < p) ? 128 : (index <=7r) ? 255 : 192;
greenBrush = (#index < p) ? 128 : (index <=r) ? 0 : 192;
bl ueBrush = (#index < p) ? 128 : (index <=r) ? 0 : 192;

H
i is arrayPointer
{ value x = linear(0, 1, 16, 44);
y = 120;
wi dth = 20; height = 240;
greenBrush = 255;
}
j is arrayPointer
{ value x = linear(0, 1, 16, 44);
y = 120;
wi dth = 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);
hei ght = linear(0, 100, 50, 200);
bl ueBrush = 255;
b

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.
Thislevel 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 [I1I]. 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 22|

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”).

* This work is partially supported by the ESPRIT IV LTR Project 28155 (GALIA)

S. Diehl (Ed.): Software Visualization, LNCS 2269, pp. 88-[100] 2002.
© Springer-Verlag Berlin Heidelberg 2002
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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 of
this paper.

GeoWin offers an interactive interface (seeB2) and a programming interface
(seeBI). 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,
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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 guit 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 O;

}

The result is visualized by changing the color of the closest points to red.

This program results in an interactive visualization (Figure [Il 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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File Edit Scenes ‘window Options  Algorithms  Help Done|
distance: 209.399941

peowered by LED®

Fig. 1. Edit and Run: Screenshot of the closest pair visualization

After each user action] 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.

! In the Subsections “Result Scenes” and “Event Handling” we will see how to achieve
a continuous reaction of the animation.
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File Edit Scenes Window Options Algerithms  Help Done

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 O;

}

A more advanced application of the result scene approach is shown in the
screen shot of Figure 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