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Abstract

This paper describes the core characteristics of BOOGA, a framework for 2D and 3D computer graph-

ics. BOOGA o�ers a uni�ed 3-layer model for many areas, including rendering, image processing,

computational geometry and scene reconstruction. The framework consists of ready-to-use compo-

nents to support rapid application development. New components may be seamlessly integrated into

the existing system.

1 Introduction

An important trend in the computer industry is the

increasing use of computer graphics in many di�er-

ent application areas, from simple still images for a

marketing campaign to completely computer gener-

ated motion pictures. Object-oriented technology is

well suited for the implementation of graphics systems

[16, 14, 9], since the mental model of a graphical ob-

ject maps easily to entities directly supported by this

technology, like classes or objects.

BOOGA (Berne's Object-Oriented Graphics Archi-

tecture) is an object-oriented graphics framework

aimed at a wide range of application areas within

the domain of computer graphics, namely Geometric

Modelling, Image Synthesis, Image Processing, Image

Analysis, Scene Recognition and Computational Ge-

ometry. The framework serves as a research platform

for computer graphics at the University of Berne, and

supports experiments with existing algorithms, and

development of new ones within the various appli-

cation areas. As a research platform, BOOGA has

to ful�ll somewhat con
icting requirements, some of

which are ease of use, 
exibility to meet future un-

expected needs, high degree of reusability, support

of rapid application development (RAD). Run-time

e�ciency, however, is not a central concern. Thus,

BOOGA supports the developer by de�ning a generic

architecture for di�erent types of graphics applica-

tions, and o�ers a pool of ready-to-use algorithms for

the various areas considered.

In contrast to most existing systems, BOOGA is not

limited to a speci�c application area, but o�ers a uni-

�ed view of the entire computer graphics application

domain. It provides data abstractions and mecha-

nisms for 2D and 3D objects and includes a compo-

nent layer to model high-level operations that manip-

ulate or generate graphical objects of di�erent types.

BOOGA currently consists of about 200,000 lines of

C++ code distributed over more than 500 classes,

and already provides many ready-to-use components

that may be plugged together to build applications.

A number of small and large applications have been

built using BOOGA, for example renderers, editors

and browsers.

In the following paragraphs, we �rst discuss some fun-

damental issues, divided into a graphical part (Sec-

tion 2) and an architectural part (Section 3), which

are largely orthogonal to each other. The main em-

phasis is on the architecture of BOOGA (Section 4).
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A new component notation (Section 5) is introduced

and a few sample applications are presented (Section

6). Finally, some conclusions are drawn (Section 7).

2 Graphical Issues

Graphics applications traditionally deal with a large

variety of application areas1, and numerous systems

are available to support the development process. Fig-

ure 1 shows a common classi�cation [11]. An impor-

Image Processing

Image Synthesis

Image Space Object Space

Image Analysis

Geometric Modelling,
Computational Geometry

Figure 1: The di�erent application areas of the com-

puter graphics domain.

tant goal when developing BOOGA was to achieve

a generic architecture. The classi�cation in Figure 1

served as a good starting point when we looked for

an appropriate concept. A system built according to

this approach has to handle 2D as well as 3D objects

and must deal with con
icting requirements of vector

and raster graphic applications. In the following para-

graphs, we will have a closer look at important char-

acteristics regarding input and output data within the

di�erent application areas.

Image Processing

Algorithms within this application area are char-

acterized by a strong emphasis on raster graphics

objects, usually represented by bitmaps of di�er-

ent sizes and depths.

Image Analysis

Image analysis applications deal with raster ob-

jects as input, preprocessed by image process-

ing operations. The application may result in

a description of what is contained in the image,

usually represented by a 2D or even 3D scene,

depending on the nature of the application. A

scene description may contain a large variety of

1We denote the whole variety of computer graphics appli-

cation domain, and the various subdomains application areas.

geometric primitives or even application-speci�c

types.

Image Synthesis

A 2D or 3D scene description is transformed into

a raster object by applying hidden surface re-

moval, rasterization and illumination algorithms.

Scenes are usually organized as trees or directed

acyclic graphs (DAG).

Geometric Modelling and

Computational Geometry

Geometric Modelling creates or transforms 2D or

3D scene descriptions. Usually, the scene is or-

ganized hierarchically to represent its structure.

Special structural objects (aggregates) are used

to achieve this.

Computational Geometry applications can also

be considered as handling scene descriptions, i.e.

collections of objects that are organized accord-

ing to the application's needs. Most algorithms

deal with problems in 2D or 3D, but computa-

tional geometry is not limited to these dimen-

sions.

A system supporting these application areas has to

deal with a wide range of di�erent data types. Not

only are there raster and vector objects to be manip-

ulated, but the system also has to satisfy demands for

2D and 3D data structures.

3 Architectural Issues

In order to make BOOGA a research platform, it is

important that new object types and new algorithms

may easily and seamlessly be integrated into the ex-

isting core. The concepts necessary to achieve this

goal are described in Section 4.

Using BOOGA, it is possible to design, implement

and test new algorithms and whole applications in

di�erent areas of computer graphics in a fast and

easy way. It has been proven that new software el-

ements, once implemented conforming to the guide-

lines of BOOGA, are reusable in future work. These

objectives could only be achieved by means of a clean

system concept (see Section 4) and a list of architec-

tural guidelines:

Design for local extensiblity

BOOGA has evolved into a large software system.

The work of several researchers and students has al-

ready been based on the structure of BOOGA or on
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parts of it. Obviously, it is hard to extend a system if

its elements are very tightly coupled. Decoupling be-

comes even more critical when developing a platform

for research, since future activities are less predictable

than in other environments.

Another critical factor is the number of independent

developers. Research is done by individuals or small

teams. Although all their work is based on BOOGA,

researchers have a strong desire for independence.

This leads to the main guideline for the development

of BOOGA:

Extensions in one part of the system

must have no in
uence on other parts.

As an example, new types of geometric objects can

be added without changing the existing system. Ev-

ery geometric object is derived from one of the object

classes (see Figure 4) and implements a small num-

ber of protocols. All existing components, such as

parsers, renderers, and editors, can deal with these

new objects because they are based on these proto-

cols.

Provide good defaults for the 95% cases

Several reuse techniques exist [10], composition and

inheritance being two of them. Composition (an ex-

ample of black-box reuse) and inheritance (an example

of white-box reuse) are the central reuse techniques di-

rectly supported by BOOGA. While composition is

easier to use, inheritance often provides more 
exi-

bility. This is also known as the trade-o� between

black-box and white-box reuse [8].

If a class is designed for the normal case (the `95%

case': [15]), users can build their applications using

the black-box reuse approach, which is always easier,

less error-prone and faster than white-box reuse.

There is a trade-o� between 
exibility and complex-

ity: the more 
exible a design is, the more complex

it becomes, and the harder it is to use. The 95% rule

is a way to trick this trade-o� in that the user only

has to worry about the complexity when he needs the


exibility.

Most BOOGA classes are built to meet the 95% case.

In cases where the defaults are not suitable, there are

normally several possibilities to extend the function-

ality or change the behaviour of an existing class.

Provide 
exibility where needed

Flexibility is expensive { writing 
exible software is

hard, understanding it is even harder. Flexibility is

nevertheless necessary because in
exible systems will

not be used, and will therefore become even more ex-

pensive. In general, it is wrong to provide 
exibility

where possible; it is wiser to provide it only where

necessary.

To discover the right degree of 
exibility is a chal-

lenging task. There are, however, a few promising

movements in the object community to support a de-

veloper in �nding the right amount of 
exibility, e.g.

hot spots [12] or design centers [6].

The hot spots of BOOGA may change over time, e.g.

when exploring a new research topic. The initial de-

sign was not meant to meet all possible future needs,

but to provide 
exibility in situations where new re-

quirements were likely to appear. This changeability

over time is best covered by use of an iterative devel-

opment approach, as discussed in the next guideline.

Use of an iterative development process

\A complex system that works is invariably

found to have evolved from a simple system

that worked." [4]

The development of BOOGA is based on a strongly

iterative approach. Every new application is likely to

add new requirements and therefore results in changes

to the system. The waterfall approach is not applica-

ble, since it is not possible to foresee future demands:

\Good frameworks can be used for things that

the designers never dreamed of." [7]

A 
exible system design will always re
ect this itera-

tive approach, and not only supports but also enforces

the process.

Keep the number of concepts minimal

Every new concept added to a system is to some ex-

tent a new barrier for current and future users of

the system, making the learning curve steeper and

steeper. It is critical for the success of a system to

keep the overall number of concepts as small as pos-

sible. They appear on all levels of abstraction: archi-

tectural and design patterns, language speci�c idioms,

naming conventions, and coding styles. Throughout

all these levels it is absolutely necessary to focus on

as few di�erent concepts as possible.
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4 The structure of BOOGA

Analysing the results of most algorithms in computer

graphics, only a few input and output types can be

found, as already discussed in Section 2. Obviously

these algorithms work with either 2D or 3D data as

input and yield the corresponding 2D or 3D data as

output. This fact meets the needs of BOOGA as an

architecture (Figure 2) that is open enough to allow

2D

3D
Operation
2D    3D

Operation

Operation

3D    3D

2D    2D

Operation
3D    2D

Figure 2: BOOGA's concept is an abstraction of the

classi�cation of Computer Graphics in Figure 1.

for future integration of all kinds of algorithms and

applications, but is also restrictive and simple enough

to enforce the development of reusable components.

All BOOGA-based applications follow the data
ow

paradigm, since 2D or 3D data is 
owing through in-

terconnected components.

4.1 The 3-Layer Model of BOOGA

Users of a graphics system have many requirements.

They may want to build applications using exist-

ing components, add new geometric object types, or

implement new algorithms. The 3-layer model of

BOOGA, consisting of a library, framework and com-

ponent layer (Figure 3) meets these needs:

Library Layer

Classes for common tasks, like string handling,

mathematical operations or wrappers to the un-

derlying operating systems, form the library

layer.

Component Layer

Library Layer

Framework Layer

BOOGA

Figure 3: The 3-layer model of BOOGA: di�erent

layers focus on di�erent reuse techniques. White-box

reuse is addressed by the library and framework layers,

black-box reuse is the concern of the component layer.

Framework Layer

This layer introduces geometric objects for 2D

and 3D graphics. They are viewed as data con-

tainers supporting a small number of well de-

signed protocols (see Section 4.2). Objects are or-

ganized as a directed acyclic graph (DAG) which

represents the scene. It may be traversed accord-

ing to the needs of a speci�c application.

Working with the framework layer corresponds

to the white-box reuse approach.

Component Layer

Components are the basic building blocks of ap-

plications and constitute this layer. They accept

and produce objects from the framework layer.

The component layer corresponds to a black-box

view of the system, making it simple to use.

In the following paragraphs the responsibilities and

characteristics of the layers are discussed in detail.

The library layer is just a regular class library with-

out any special structural contribution to the overall

architecture of BOOGA. It is therefore not discussed

further.

4.2 Framework Layer

The framework layer consists of the geometric ob-

jects derived from the base class BOOGAObject. Un-

like some other graphical systems [1], BOOGAObjects

contain no functionality to display themselves in a

speci�c way. There are several di�erent ways to ren-

der geometric objects in 2D and 3D, and drawing is

not the only operation that can be applied to objects.

Conversions to and from di�erent formats, including

ASCII representations, are other examples.
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Hierarchy of the Framework Layer

BOOGA explicitly supports 2D and 3D graphics.

This architectural decision is re
ected in the object

hierarchy. Figure 4 shows a simpli�ed representation

of the BOOGAObject class hierarchy.

Classes representing concrete objects, like spheres,

circles or boxes, are derived from the abstract class

Primitive3D or Primitive2D. Structural objects

(implemented using the Composite Pattern [5]) in-

herit from Aggregate3D or Aggregate2D, respec-

tively. Shared (Shared3D or Shared2D) objects are

multiple references to a single representation and are

implemented using the letter-envelope idiom [3].

BOOGAObject

Object2D1 n

Primitive2D

Shared2DAggregate2D

Object3D1 n

Primitive3D

Shared3DAggregate3D

Figure 4: Simpli�ed hierarchy of the principal data-

related classes of the framework layer.

Concrete examples for aggregates and primitives

are: Lists, Grids, Layouters (Aggregate2D and

Aggregate3D); Circle, Line, Polygon, Text, Raster-

image (Primitive2D); Sphere, Box, Cone, Cylinder,

Text, Nurbs (Primitive3D).

The separation into 2D and 3D data is one way to

design a hierarchy of abstractions. In the following

paragraphs, questions concerning this separation are

discussed to clarify the reasons for this decision.

Why not separate raster and vector graphics?

A common approach consists in separating raster and

vector algorithms. This approach is well known in

2D, where certain applications are dedicated to raster

graphics and others are specialized to vector graphics.

This model, however, does not o�er the possibility

to integrate 3D easily. Moreover some applications

integrate raster and vector graphics for 2D as well as

for 3D graphics.

Why is 2D not a special case of 3D?

Some systems [2] view 2D just as a special case of 3D,

where all the z-values are considered to be zero. This

allows design of very general algorithms that may han-

dle 2D and 3D cases uniformly. However, 2D graphics

is not just a special case of 3D graphics. The number

of algorithms common to 2D and 3D is surprisingly

small. Therefore, modelling 2D and 3D data types

separately within the same framework allows the de-

velopment of more e�cient algorithms.

Does explicit support for 2D and 3D neglect

reusability?

The separation between 2D and 3D objects o�ers 
ex-

ibility for the operations dealing with them, which im-

plies a two-fold hierarchy providing classes for both

dimensions. Since most of the base functionality is

the same for 2D and 3D, this would result in a dupli-

cation of code which, of course, is not acceptable for

several reasons. A solution to this problem is the use

of templates together with related idioms. Intensive

use of these mechanisms makes code duplication for

the mirrored hierarchies obsolete.

Mechanisms of the Framework Layer

To allow the integration of new object types,

BOOGA's data hierarchy de�nes a special protocol

(i.e. a set of methods). Every object o�ers at least

the following two methods:

decompose :

Not all elements in the system know one another.

Some operations may only work with triangles

and cannot handle more complex objects such as

spheres. In this case, the method decompose of

the unknown object may be called, which returns

an alternative representation. In this example, it

might be a triangulation of the sphere. If the

resulting representation is also not understood,

the decomposition process may be repeated until

objects that can be handled are generated.

intersect :

The intersect method is the foundation of ray

based operations used for ray tracing, ray casting,

picking or collision detection.

4.3 Component Layer

Any BOOGA application is the combination of di�er-

ent components, each of them performing a primitive
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operation on the data structures from the framework

layer. Another responsibility of the component layer

is the traversal of the data structures manipulated

by the components. Di�erent traversal strategies are

available for various situations (see below).

Hierarchy of the Component Layer

The components are divided into four categories, as

shown in Figure 5, and directly map to the operation

types shown in Figure 2.

Component

Operation2DTo2DOperation3DTo3D Operation3DTo2D Operation2DTo3D

Figure 5: Simpli�ed hierarchy of the principal com-

ponent classes.

Mechanisms of the Component Layer

Components are the active parts within a BOOGA

application, o�ering two types of interfaces:

� The service interface is used to invoke the compo-

nent (method execute). It receives a 2D or 3D

scene as its input parameter and returns a 2D

or 3D output scene. Components should always

perform an elementary operation. If dedicated

to special purposes they are not very likely to be

reused.

� The management interface is used for con�gu-

ration and error handling purposes. This inter-

face allows con�guration of the component's be-

haviour and is used to access additional results

and retrieve information from the component.

Components always need a composition model.

BOOGA's composition model is trivial since all com-

ponents o�er a standardized way for invocation,

namely the execute method. The composition mech-

anism is based upon C++ method calls. Since the

protocol is so simple and standardized there would be

little e�ort necessary to implement a composition lan-

guage or even a visual composition tool. Such a tool

could easily be built based on BOOGA itself. Sec-

tion 5 gives an idea on how a visual composition of

components could look.

Traversals

Generally a component has to traverse the graph of

the input scene to process every single object. Since

most operations either do not care about the order in

which the objects are visited or they need to traverse

the graph in a prede�ned way, the traversal process is

isolated and mapped to its own hierarchy of traversal

classes (according to the Iterator Pattern [5]). This

adds the 
exibility to use a single component together

with di�erent traversals, depending on the compo-

nent's needs. As an example, in an interactive ap-

plication, a special traversal object may be used that

visits the objects in the scene graph in breadth-�rst

order. As soon as an event occurs (i.e. dragging of

the mouse to perform a movement of an object), the

traversal process is stopped and the event can be han-

dled by the application. This technique allows fast

responses to user requests. On the other hand the

scene graph may be pruned.

Each object visited during the traversal is passed to

the active component for processing. A component

may reject an unknown object. It is the responsibility

of the traversal object to react appropriately. The rec-

ommended default behaviour is to call the decompose

method to get an alternative representation of the ob-

ject.

5 Graphical Notation

This section describes a graphical notation which

proved helpful to visualize applications (see Section

6) written using the component approach of BOOGA.

Each component type is represented by its own brick.

The dimension of data 
owing through a component

is denoted by means of the number of holes for input

data and elevations for output data. This notation

will be used in the next section illustrating some ap-

plications built with BOOGA.

Operation3DTo3D

The Operation3DTo3D component processes 3D

scenes. The result is the possibly transformed input

and/or a new 3D scene. Examples of this type of

component are parsers or editors.
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Input scene : 3D

Output scene(s) : 3D

The input scene bypasses

the component and may

be changed as a result.
: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :

Input scene : 3D

Output scene(s) : 2 � 3D

A 3D scene is generated,

and the possibly modi�ed

3D input is bypassed.

Operation3DTo2D

The Operation3DTo2D component generates a 2D

scene based on 3D input. Examples are all kinds of

renderers.

Input scene : 3D

Output scene(s) : 3D+2D

A 2D scene is generated,

and the possibly modi�ed

3D input is bypassed.

Operation2DTo2D

The Operation2DTo2D component processes 2D

scenes. The result is the possibly transformed input

and/or a new 2D scene. Examples of this type of

component are postscript writers or image processing

operations.

Input scene : 2D

Output scene(s) : 2D

The input scene bypasses

the component and may

be changed as a result.
: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :

Input scene : 2D

Output scene(s) : 2 � 2D

A 2D scene is generated,

and the possibly modi�ed

2D input is bypassed.

Operation2DTo3D

The Operation2DTo3D component generates a 3D

scene based on 2D input. Scene reconstruction al-

gorithms are examples of this type of component.

Input scene : 2D

Output scene(s) : 2D+3D

A 3D scene is generated,

and the possibly modi�ed

2D input is bypassed.

Creation

The following two operations create new empty scenes

of type 2D or 3D respectively.

Input scene : |

Output scene(s) : 3D

: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :

Input scene : |

Output scene(s) : 2D

Deletion

The last two operations delete 2D or 3D scenes.

Input scene : 3D

Output scene(s) : |

: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :

Input scene : 2D

Output scene(s) : |

6 Applications

BOOGA applications are combinations of compo-

nents. This section gives three examples to demon-

strate how applications are built using this approach.

Wireframe Rendering

A wireframe renderer is commonly used to rapidly

produce an image of a scene. Each 3D object is

represented by a series of appropriately colored line

segments. Usually a wireframe renderer produces

a pixmap, whereas in our environment the renderer

handles a 3D input scene and generates a series of 2D

primitives as output, e.g. line or point objects. A

pixmap is generated by executing a rasterizer compo-

nent after the wireframe renderer has done its work.

The following components are used to build the whole

application (see Figure 6):

7



� A Parser3D component reads an arbitrary scene

description �le from disk and produces a scene

graph of 3D objects.

� The Wireframe component generates 2D objects

based on the input provided. The result may

contain vector or raster objects.

� A Rasterizer component is used to scan-convert

every object (vector or raster) to a single pixmap.

� The Display component displays the generated

pixmap directly on the screen.

� PSWriter generates PostScript output represent-

ing the scene.

Only the following fully functional code2 is necessary

to implement the wireframe application.

int main()

{

// Read a scene from stdin.

Parser3D parser;

World3D* world = new World3D;

parser.execute(world);

// Compute wireframe view

// of the scene.

Wireframe wireframe;

World2D result1 =

wireframe.execute(world);

// Write postscript file to stdout

PSWriter writer;

writer.execute(result1);

// Generate pixmap.

Rasterizer rasterize;

World2D* result2 =

rasterize.execute(result1);

// Display the world directly

// on the screen.

Display display;

display.execute(result2);

// Clean up.

delete result1;

delete result2;

delete world;

return 1;

}

Figure 6 shows the wireframe application graphically.

Each block corresponds to a BOOGA component.

2Error checking and command line argument parsing is

skipped to keep the code as short as possible.

Figure 6: The structure of the wireframe application.

Computing the 2D Convex Hull

Computing the convex hull of a �nite point set is a

common task in the �eld of Computational Geometry

[13]. The following steps are required:

1. Read the point set.

2. Compute the convex hull.

3. Display the resulting polygonal hull shape to-

gether with the point set on the screen.

These three steps are handled by separate BOOGA

components:

1. A Parser2D component is used to read the point

set.

2. The process of computing the convex hull has two

steps:

(a) Find all the point objects by executing the

Collector<Point> component.

(b) Compute the convex hull for the point set

found (ConvexHull2D component). The re-

sult is visualized by adding line segments to

the scene.

3. The Display component displays the �nal result.

This application is depicted in Figure 7. Only one

special purpose component (ConvexHull2D) had to be

developed. All other components are standard com-

ponents used in many other applications.

8



Figure 7: Computing the convex hull of a planar

point set.

Merge Rendering

The use of components to assemble applications gives

great 
exibility. The following application combines

di�erent rendering engines to achieve faster image

generation by splitting a single scene into two sep-

arate scenes, and then starts the rendering process

for them concurrently. This coarse grained concur-

rency model may have clear advantages when using a

multiprocessor system.

The following components are used:

� The Parser3D component is used again to read

a scene description.

� The Split component is responsible for splitting

the scene object into two distinct scenes based

on criteria such as foreground vs. background ob-

jects.

� Two Renderer components (e.g. Ray tracer,

ZBu�er or Wireframe) are used to render the two

scenes. Based on the criterion that has been used

to split the original scene, an appropriate ren-

derer may be chosen. As foreground objects need

to be displayed very accurately, a ray tracing

component would be appropriate, while the back-

ground objects could be rendered much faster by

executing a z-bu�er algorithm.

� In order to obtain a single image, the Merge com-

ponent combines the two results, e.g. based on

the depth or alpha channels of generated pixmaps

or just by adding the created objects to a new

scene object.

� The Display component is used to display the

result on the screen.

Figure 8 displays the merge renderer application

graphically.

Figure 8: Combining di�erent renderers to generate

the image of a scene.

7 Conclusions

We have presented a new graphics system designed to

deal with most aspects of 2D and 3D graphics. The

system is based on a 3-layer architecture consisting of

a component, a framework and a library layer built on

top of each other. Applications are built using a com-

position model and are divided into single processing

steps, each of them represented by a component.

Using the component layer of BOOGA, the developer

can write applications very easily. The framework and

library layer provide the necessary mechanisms to cre-

ate the components not already available. However,

most applications can be realized by largely reusing

existing components.

As soon as a new user realizes the potential of the

component approach and has a reliable tool ready to

use, he will be highly motivated to spend the ad-

ditional time to write good, reusable components.

Our tool is the BOOGA framework which implements

all the necessary protocols and abstractions and pro-

vides good default implementations. Since BOOGA

completely integrates the component approach, it be-

comes { after some training by experienced developers

{ second nature to a new user to reuse and build com-

ponents.
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