
Abstract

Topics within computer graphics still
cannot be adequately presented and
explored with traditional teaching
methodologies and tools. An integrative
approach to combine lectures, examples,
programming exercises, documentation,
supported by a common sophisticated
interface, is greatly needed. In this
paper, we discuss and present the 
concept, realization, evaluation, and
experiences of a computer graphics
course that was developed at our lab
to focus on this need. It is one of the
first complete computer graphics
course on the World Wide Web 
combining course text, programmed
examples, and course exercises in 
a common hypertext framework.

Introduction

Visualization and interaction are the
major topics of current computer
graphics. Teaching these issues using
only traditional teaching methodologies
and tools, such as blackboards, slides,
and even videos, cannot provide real-
life examples. Only in real-life settings
can the teaching react flexibly to the
various questions that arise during 
discussions. As in physical research,
problems and challenges in computer
graphics can only be recognized
through exploration in experimental
situations. The experiments consist 

of programs.19 Working with the 
programs not only helps to illustrate
problems, but also increases student
motivation. Furthermore, providing 
students with these programs enables
them to repeat the experiments, build
up their own settings, and deepen their
understanding. This greatly improves
learning.

In earlier times, such experiments were
not included in traditional lessons. On
the one hand, several different, expen-
sive programs were necessary to cover
the whole content of a computer
graphics lecture, and, on the other

hand, students didn’t have appropriate
hardware to run them at home. In 
addition, becoming familiar with all 
the different programs took too much
time and could not be done in one 
or two semesters.

This also leads to serious problems
with the practical exercises that
accompany the lessons. A major 
goal of the exercises should be that
students learn to implement the 
graphics algorithms discussed in the
lecture. There were only two ways to
achieve this goal: students built up
their own graphics software systems
from scratch or they used some of 
the existing program packages. 
Both were nearly impossible due to
time constraints. The most common 
compromise was to present exercises
that covered only a small amount of
the teaching content.

A further major problem has been the
number of different computing 
platforms and operating systems. It
was nearly impossible to run the same
program on all different platforms.
Some of these ambiguities have been
addressed by a number of colleagues
working in the area of computer-sup-
ported education.18, 2, 24, 12, 15, 17, 20

Many authors23, 10 focus on the lack of
a platform-independent graphics pack-
age that can be used as a basis for
programming exercises. Fellner devel-
oped and used the object-oriented
Minimal Rendering System (MRT) as a
teaching and research platform for 3D
image synthesis.10 It is based on stan-
dard graphics packages like PHIGS,
OpenGL, or XGL for graphics output.

Another approach is choosen by
Wernert, 26 or 16 who describes a 
unified environment for presenting,
developing, and analyzing graphics
algorithms based upon IRIS Explorer, 
a modular visualization environment
that provides a visual data flow 

language and allows users to link 
computational modules in order to 
create visualizations. 

Lotufo and Jordan developed the 
well-known digital image processing
system Khoros. A similar approach is
described in.16 This nice system applies
high-level programming 
(network wiring) to more traditional
coding of new modules. But there are
also some drawbacks. First of all, IRIS
Explorer is not platform-independent
and is only available on high-end PCs
and SGI workstations. Second, the
application cannot be interlinked with 
a Web-based environment like our
course. For students, even more inter-
esting are the financial costs of a 
commercial system like IRIS Explorer,
AVS or IBM Data Explorer.

In the meantime, the World Wide Web
together with Java and Hypertext 
provide an appropriate framework to
generate common interfaces for inte-
gration of all elements of interactive
teaching courses, such as lectures,
programs, exercises, and consolidating
literature references. A certain number
of computer graphics courses4, 5, 14

already incorporate some of the ideas
described above on the basis of HTML.
The subsequent parts of this paper
describe and evaluate the developed
courses “Computer Graphik spielend
lernen.”27 In the following section, we
give a brief overview of the course,
describe the Java-based programming
environment and the compilation tools
developed to integrate the different
parts of the course, then consider how
to generate reusable components
using Java Beans. Finally, we conclude
by reporting some experiences with
the courses, describing our current

work and giving a brief overview of 
our future activities.
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The Course

Contents

The course contains the following top-
ics: Computer graphics hardware,
raster algorithms with aliasing and anti-
aliasing, 3D transformations, visibility,
color, local illumination schemes, mod-
eling techniques, simple animation, tex-
ture mapping, global illumination tech-
niques (ray-tracing, radiosity), basic
image processing, and volume visual-
ization. These topics are distributed
through two courses. Both courses are
based on, or related to, the books8, 9

and corresponding scripts from the
Fernuniversität (Correspondence
University) in Hagen, Germany. The
courses have been tailored to students
of computer science and contain a
variety of programming assignments. 

In their current form, the courses are
not well suited for engineering stu-
dents: Such students prefer a course in
which they can learn how to use com-
mercially available packages instead of
having to invest too much time in pro-
gramming examples of basic computer
graphics algorithms.

The programming exercises are done
in groups of two or three students
using the Java-based programming
environment. The Java source code of
the environment is available as a
hyperlink and can be downloaded by
the students. Comprehensive written
instruction is available for each exer-
cise in the form of HTML pages. In
order to read it, students need to use a
Web browser such as Netscape
Navigator or Microsoft Internet
Explorer. Since one of the aims of our
course is to make the students familiar
with graphics programming, it is impor-
tant to provide them with sample pro-
grams to work with.

Structure

An HTML page provides a unified
interface to our new Web-based com-
puter graphics course. Starting at this
page, one can follow links to HTML
pages containing or referring to:
1 The instruction manual and editorial 

content of the course itself.
2 The script and list of available java-

applets.
3 The programming exercises.
4 Links to external documentation and

sources.

The instruction manual first gives a
short introduction to the course and
some hints for private studies, and pro-
vides a list of symbols used throughout
the course. In addition, it gives a short
overview of the design of the course,
the programming architecture, and the
file structures. Last but not least, it
reports known bugs, such as the differ-
ent behavior of certain applets on dif-
ferent browsers. This list of known
bugs and comments can be extended
by the user. External links provide tuto-
rials for HTML and Java, public-domain
software, other Web-based courses
and further useful stuff.

The Script and the Java Applets

The entire course text is available in
hypertext and presented in its own
browser window. The contents and
structure of the hypertext is the same
as in the original course text. The
hypertext contains not only cross refer-
ences to figures, tables, literature, exer-
cisesm and footnotes, but also links to
corresponding Java applets and a
number of videos and slides available
via HTML that are shown during the
lectures. If the user follows a link to an

applet or a video, it is started in anoth-
er browser window. The hypertext
pages that contain the Java applets
also provide links to the course text. In
this way, the user working with an
applet can immediately get the corre-
sponding theoretical background. In
addition, for each applet there is four-
part documentation (cf. Fig. 1): An
introduction, details on its features, a
guided tour covering its essential top-
ics, and general information on its pro-
gramming architecture. Note that the
course text, the applet, and its docu-
mentation are shown simultaneously in
their own browser windows.
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Figure 1   For each applet there is four-part documentation: An introduction, details on its features, a guided
tour covering its essential topics, and general information on its programming architecture.



Both the course text and the hypertext
pages containing the Java applets con-
tain links to the Java API. In this way,
students have direct access to example
implementations of the presented algo-
rithms. The classes of the Java API
contain links to applets that demon-
strate their usage in real examples. 
For certain classes, like Camera, there
are also links to the corresponding
course text.

The Programming Exercises

For each programming exercise, a
small example of the source code can
be downloaded, along with a short
introduction to the topic. The source
code of the exercises is also accessi-
ble through the Web, thus allowing for
easy switching among the theoretical
background information, the description
of the exercises, and the source code
of the latter. The aim is to support the
students during completion of their
programming tasks. Via hyperlinks to
the course text in HTML format, includ-
ing the Java applets, students can
review the theoretical background for
every single exercise.

Implementation

Generation of the Hypertext

The ingredients for the hypertext were
the original course texts as LaTeX
sources with images, the Java applets,
and the exercises. In the first step, we
manually generated an applet resource
file containing all information necessary
to automatically generate a hypertext
environment for an applet. This
includes the four-part documentation
of the applet and keywords used to
generate links into the course text. The
actual pages containing HTML tags for
the applet, including the header, the
links to documentation, the applet, and
the hyperlinks to the source text, are
then automatically generated by a Perl
script. This guarantees an easy-to-

modify and unified outlook of all
applets and saves an immense amount
of time in page design. 

After the individual applet pages are
generated, the applet resource files are
used by another Perl script to automat-
ically generate a page that contains an
index of all applets. In addition to links
to the applets, this page contains the
title, introduction, and a motivating
image for each applet.

In an independent step, the original
LaTeX source files were modified. First,
links to the different applets were
placed into the course text. Then
anchor points named by the header
itself were automatically inserted.
These anchor points are used later as
hyperlink anchor points and are
referred by the java applets. The names
of the anchor points are copied into the
corresponding applet resource files.
After these two steps, we used the
program Latex2html6 to convert the
course text into HTML format, which
still contains the unprocessed anchor
tags. These tags are processed in a
further step by an additional Perl script,
which generates the special course
text structure developed for our course.
This structure allows for folding and
unfolding the hierarchy of the chapters.
Each text page on the lowest level of
the hierarchy automatically links to the
previous and next text page as well as
to all predecessors in the hierarchy.

The Java Applets

We put special emphasis on a com-
mon, easy-to-use interface for the
applets. This is especially important, as
the whole course includes a variety of
different topics and the content of the
functionality of the applets differs
greatly. Some of the techniques we use
include: using the same colors for the
same context, using the same labels
and control elements with identical
meanings, and the same mouse con-

trol. A clear structure for the visible
information is very important for design
of the applets for teaching purposes.
At first glance, students must be able
to recognize the topic of the applet and
the key elements of the teaching con-
tent and the connections between
them. Therefore, the visual part of the
applet containing this information must
attract their attention more than special
control elements that steer certain
parameters. Otherwise, the applet’s 
forest of equivalent choices would
overwhelm the students.

The Graphics Engine

The graphics engine plays the central
role in implementation of all the
applets. Previously, Java has provided
the user only with a 2D graphics inter-
face. For real 3D graphics program-
ming, we implemented our own 3D
graphics engine. It supports all 3D
functionality used throughout the
applets, such as cameras, shading
techniques, 2D and 3D texture, and
hidden-surface elimination. It is based
on our own 2D engine, which extends
the standard Java graphics engine.
This was necessary to supply abstract
data structures, like 2D grids, and
abstract event handling, like special
mouse interpretations, as well as totally
new components such as highlight
modes.

The Scene Graph

The scene graph was developed as a
programming basis for two reasons.
First. it should provide a rich set of fea-
tures for creating interesting 3D worlds
and provide a high-level, object-orient-
ed, programming paradigm that
enables us to rapidly deploy sophisti-
cated applications and applets. Second,
it should reflect the state of the art of
current graphics APIs21, 1, 25, 7 in order
to make the students familiar with the
newest concepts of graphics technolo-
gy. The scene graph is an acyclic
directed graph and contains a com-
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plete description of the entire scene, or
virtual universe. This includes the geo-
metric data, the attribute information,
and the viewing information required to
render the scene from a particular
point of view. The scene graph allows
the programmer to think about geo-
metric objects rather than about trian-
gles, about the scene and its composi-
tion rather than about how to write the
rendering code for efficiently displaying
the scene. Applications construct indi-
vidual graphic elements as separate
objects and connect them together in
the graph. If the Java3D16 extension to
Java is available, the basic part of our
scene graph may be replaced by the
corresponding components of Java3D,
leaving most of our own parts intact.

Utilities

The basic mathematical and geometric
material needed in most of the applets,
like points, vectors, matrices, lines, cir-
cles, triangles, etc. is implemented as
their own classes. This allows rapid
implementation of even complicated
mathematical and geometrical
algorithms. Using these basic classes,
the developer can concentrate on the
essential parts of the algorithms rather
than on basic mathematics.
Furthermore, the resulting code for our
applets becomes much easier to read
and understand. This is especially nec-
essary when motivating students to
take a closer look onto the real imple-
mentation of an algorithm and try their
own implementations.

The basic graphic components, like
special interfaces for graphical in and
output of the basic mathematical class-
es, the elements of scene graph, are
realized in a similar way. A special com-
ponent is a grouping panel to organize
the contents of our course applets.
Such components are used throughout
the applets. Combining the standard
Java graphics components with our
own versions allows for rapid design of

interfaces. Note that for all classes
there exists hypertext-based documen-
tation that can be invoked while brows-
ing the source code and easily
searched.

Reusable Components - Java Beans

Generating New Applets

The strict object-oriented design of
our Java applets simplifies the

programming of new applets and
classes. Many of the existing classes
can be reused and extended.
Nevertheless, generation of new
applets still requires low-level program-
ming. Students or teachers not familiar
with the existing classes have to wade
through the jungle of hierarchical APIs
instead of concentrating on the struc-
ture and concepts of the algorithms. 
As already shown by a number of
authors, visual programming greatly
aids in developing and debugging
code.26, 16

The Programming Exercises

Since the low-level programming is too
time-consuming without visual pro-
gramming, our students only complete
already existing applets. The drawback
of this kind of programming exercises
is that most of the students are not
able to understand the overall structure
of the program. Although they success-
fully implement the missing parts. there
remains a bad feeling. Again, these
problems can be solved using a visual
application builder in combination with
low-level programming and review of
existing code.

The Beans

As stated in its specification,11 a Java
Bean is a reusable software compo-
nent that can be manipulated visually in
a builder tool. The components can be
objects with or without graphical inter-
faces. In our course, typical beans are: 

• Interface components that extend 
the standard Java AWT.

• Mathematical and geometrical utility 
components like vectors, matrices, 
triangles, spheres etc.

• 2D and 3D canvases that also 
extend the standard Java components.

• 2D and 3D scene graph for high-
level graphics primitives and scene
descriptions.

• Already-programmed “high-level” 
beans like image filters, function
parsers, editable curves, etc.

Due to the strict object-oriented 
design of the Java classes used in 
the first version of the course, their
conversion into Java beans was
straightforward.

Examples

As in a visual data-flow language,
beans can be visually composed into
new customized applets. Figure 2
shows generation of a simple applet
that demonstrates conversion of a
gray-value image to a black-white
image. The user can define the thresh-
old value. To generate the applet, the
image loader, two image beans for
input and output image, the value
panel, and the black-white filter are
loaded into the application builder. In
this example, the data flow is defined
by so-called property-changed events.
The property-changed event of the
original picture (invoked by loading it)
is propagated to the black-white filter
that expects a reference to the input
image and resolves a property-changed
event with a reference to the output
image. Last but not least, the property-
changed event of the value panel
changes propagates the threshold
value to the black-white filter and
invokes it. After the applet is designed
in the application builder, it can be
compiled into a new applet.

Figure 3 shows construction of a more
complex applet demonstrating Bézier
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curves. Its main building blocks are
three simpler beans, one realizing
affine combinations between two
points in 2D, one displaying the
Bernstein polynomials, and one con-
taining the Bézier curve itself. Each
bean already implements all basic
interactions to manipulate its contents.

Several interface components link the
beans.

In this way, the functionality of data-
flow languages is available to
build up new Java applications. Using
this paradigm, teachers and students
can easily develop their own new

beans and integrate them into the
course using existing components.
Nevertheless, there are still cases, like
the implementation of new filters, in
which new beans must be implement-
ed in the traditional way.

Discussion of Design Problems

One of the design problems of data-
flow languages is how to manage the
complexity of program networks. In our
approach, this problem can (in most
cases) be easily solved by grouping
several beans into new ones and cus-
tomizing their appearance within the
builder tool. We made use of these
techniques throughout the whole
course. The problem that is inherent to
most other systems based on the data-
flow concept – propagating data
through the network – does not occur,
since different modules may share the
same data in memory.

Experiences

Evaluation of the programming environ-
ment is based on two consecutive
semesters of the computer graphics
course offered in our department in
1995-96 and 1996-97. The complete
first course consists of 28 hours of
lectures and 26 hours of practical
exercises; the second course consists
of 24 hours of lectures and 20 hours
of practical exercises. Forty-one stu-
dents participated in the first course
and 31 in the second. At the end of
each course, the students were asked
to fill out a questionnaire on their expe-
riences with, and evaluation of, the
complete course, the lectures, and the
programming environment. The ques-
tions referred to issues like quality,
effort with respect to results, learning
success, and user content. The follow-
ing trends could be traced:

• The overall content of the whole 
course was evaluated much higher 
than in the years before.
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Figure 2   Building a simple applet demonstrating the black-white image filter in the Bean Box.
Unfortunately, the current version of the Bean Box does not display the already-established links between
the components.

Figure 3   Composing three beans into a new applet demonstrating Bézier Curves together with affine
combinations and Bernstein polynomials.



• The students themselves reported 
remarkable learning success.

• The complaints regarding the
programming effort with respect to 
the outcome decreased.

We noticed that several students start-
ed to add non-requested features and
functionalities to the system after they
became familiar with it. These exten-
sions referred to the user interface as
well as the scene graph. Some stu-
dents even implemented completely
new applets in other topics in computer
graphics that are not directly related to
the central part of the lecture. This had
never been the case before, and it
strengthened our assumption that our
concept would support and stimulate
exploration and further development of
the programming environment by the
students.

Conclusions

Using our course, teachers and stu-
dents can theoretically and practically
prepare, catch up on, and deepen the
course lectures. There is no need to
provide for and install a variety of soft-
ware packages to run the practical
examples at home. Moreover, interest-
ed students are able to extend the
examples. Due to the positive reso-
nance in the course, we decided to
refine and extend it to serve a larger
community of people interested in
computer graphics programming at uni-
versities, industry, and even high
schools, and we are currently working
on a translation of the whole course
into English. 

In addition to further development of
our Java Beans toolkit, our future
research in the area of graphics and
visualization education has to consider
appropriate user modeling, different
levels of programming examples and
even lessons, and, especially, different
variants of course-related hypermedia
user support.
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