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Abstract

When modelling dynamic X3D worlds, the addition of com-
plex behaviour often becomes a bottleneck of the modelling
process. To ease this limitation, this paper describes how the
ideas of aspect oriented programming can be applied, to auto-
matically add node-specific behaviour to corresponding X3D
nodes.

The technique described in this document allows to automat-
ically assign behaviour to existing X3D scenes. The infor-
mation where to add the behaviour is specified using a point-
cut language. The result of the described process is a stan-
dard conforming X3D document. The proposed approach inte-
grates well into an iterative scene development process. It sup-
ports a clean encapsulation of the behaviour and encourages
separate modelling of behaviour and geometry, and thereby
increases the reusability.

CR Categories: 1.3.7 [Computer Graphics]: Three—
Dimensional Graphics and Realism—Virtual Reality; D.1.m
[Programming Techniques]: Miscellaneous—Aspect Oriented
Programming

Keywords: X3D, VRML, Aspect Oriented Programming,
Geometry and Behaviour

1 Introduction

The creation of 3D content in the context of gaming, marketing
and sales, or for educational purposes requires a flexible and
effective authoring process. The economic feasibility of such
a project is strongly bound to the capability to produce both
the geometric and behavioural aspects of the objects involved
in the modelling process.

Often the projects we are involved in require the involvement
of different disciplines with specialised staff for the geomet-
ric modelling, and programmers implementing the behaviour
or interfaces to simulators. All disciplines are using their own
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specialised toolset and are working in parallel. Therefore, the
results of the geometric and the behavioural modelling have to
be combined at various stages of the production process. Until
the end, new objects are added to the virtual scenes, and exist-
ing objects are refined in both, their visual appearance and the
underlying dynamics. This is analogue to an iterative software
development process. Often our task is the implementation of
the behaviour, while our clients provide us with the geometry.

The data bases of our virtual scenes are mainly real world
CAD or GIS databases which are complemented with virtual
characters and other application specific objects e.g. for virtual
training applications. The geometric information is often ex-
tracted from the data bases with the help of commercial tools
and converted to the VRML/X3D format supported by most
applications. The behavioural aspects of the objects are usu-
ally implemented in Java, while in some cases simulators are
used to control the objects.

The approach of using aspect oriented methods is driven by
our need to streamline the process described above. Espe-
cially the fact that the geometry is subject to change, requires
the ability to add the behaviour in a non-intrusive automated
process. Here non-intrusive means, without the need to edit
the geometry files, which is adapted from the aspect oriented
terminology.

Due to the fact that we are dealing with various clients and
partners, we cannot target a single VR-environment. However
we have found, that most partners accept X3D [Web 3D Con-
sortium a] as an open and widely supported standard.

In the following, this section gives a short definition of some
essential terms that are used throughout this document. It con-
tinues with briefly explaining aspect oriented programming,
and finishes with an overview of the approach we have chosen
to deal with the issues described above.

1.1 Definitions

In this document the following terms are used:

e The term geometry refers to the static objects contained
in a scene like spheres, indexed facesets, etc. It also in-
cludes the information about the position, material and
other properties of the objects.

e The term behaviour refers to the dynamic properties of
the scene. This includes for example, the movement of
objects depending on the time, or the change of proper-
ties according to events.

e The term scene refers to the whole scene, including the
whole geometry and all behaviours.
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Figure 1: The Weaving Process

1.2 Aspect Oriented Programming

Aspect oriented programming (AOP) is becoming increasingly
popular in the development of software. In addition to the
idea of classes it introduces the idea of aspects. An aspect
captures and encapsulates the properties which crosscut the
class hierarchies or functional components, and therefore “can
not be cleanly encapsulated in a generalized procedure (i.e.
object, method, procedure, API)” [Kiczales et al. 1997].

An aspect oriented program consists of two parts. First the
components written in an object oriented or procedural ori-
ented language (the so called component language), and sec-
ond the aspects written in an aspect language [Kiczales et al.
1997]. The aspects will come into effect at well defined ex-
ecution points of the component program. The terminology
used in Aspect] [Kiczales et al. 2001], where these points are
called join points, will be employed throughout the rest of this
document. They are defined by pointcuts where each pointcut
specifies a set of join points.

A weaver is responsible for weaving the aspects into the com-
ponent program to create the final application. The weaver
evaluates the pointcut expressions and determines the join
points where code from the aspects is added. This may happen
dynamically at runtime or statically at compile time. Often it
happens at the source level before the program is compiled.
In this case the weaver creates a combined source by weaving
the source code of the aspects into the sources of the compo-
nent program. The generated program code will be compiled
with the compiler of the component language. This requires
the weaver to map the aspect language to the component lan-
guage. Figure 1 illustrates the weaving process.

One common example for an aspect is a logging aspect which
logs the call of any method of a target class. Here the point-
cut captures all points in the component program where any
method of this class is called. At those points it advises to per-
form the logging. The pointcut language of Aspect] offers a
lot of flexibility for the description of join points including the
use of wildcard characters. This allows the creation of a log-
ging aspect with such a complex behaviour like: “logging all
calls of set* functions in subclasses of a special base class”.
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1.3 Using AOP Methods for X3D Documents

This paper describes a technique, to use aspect oriented meth-
ods to add behaviour to the geometry in X3D documents. To
achieve this goal the geometry is regarded as the analogue to
the component program, and the behaviour is regarded as as-
pects. In analogy to aspect oriented general purpose languages
(GPLs) a pointcut language is introduced. This language is
used to specify, which parts of the geometry are affected by the
different behaviours. So the three main components needed to
generate a complete scene are geometry, behaviour and the
pointcut definition. Those are held at separate locations al-
lowing an individual modification of each. According to the
pointcut definition a weaver weaves the behaviour into the
geometry. The resulting document contains a dynamic X3D
scene—the geometry enriched with behaviour. It contains the
geometry, script nodes for the behaviour, and the routes con-
necting the geometric objects with the corresponding scripts.

As the technique described in this document does not rely
on features that are not already available in VRML 97 [Web
3D Consortium b], everything described here will work for
VRML too.

2 Related Work

In this section we briefly survey different proposed methods
of dealing with geometry, behaviour and the combination of
both.

Déllner and Hinrichs [1998] use the concept of behaviour
nodes to describe dynamical aspects like animation and espe-
cially interaction. They introduce the concept of a behaviour
graph consisting of behaviour nodes. This graph exists besides
the geometry graph and is responsible for specifying time and
interaction events. Graphic objects, geometry graphs and be-
haviour graphs are then encapsulated in components (3D wid-
gets) that can be reused and connected.

Dérner and Grimm [2000] use Java Bean technology and
Java3D to implement component based authoring of 3D
scenes. Both geometry and behaviour aspects are contained in



the 3D bean and can be used in an authoring environment that
is able to incorporate pre-fabricated 3D Beans into a Java3D
scene graph. The use of Java as underlying technology allows
the broad range of tools available for the development of Java
and Java Bean applications but at the same time limits viewers
to the Java3D domain.

There is some work which examines approaches how to effec-
tively add behaviour to X3D/VRML worlds. Shapour Arjo-
mandy and Trevor J. Smedley [2004] describe how to visually
specity behaviour in VRML worlds. They focus on making
the integration of behaviour easier by allowing to visually de-
fine the message flow between nodes. This approach does not
support the separation of the behaviour and connection infor-
mation from the geometry, which is a major concern in this
document. Curtis Beeson [1997] and Stephan Diehl [1997] de-
scribe techniques how to apply object oriented ideas to VRML
development. While Diehl suggests an extension of the VRML
language, Beeson uses only existing VRML features like pro-
totypes. However neither prototypes nor a non-standard ex-
tension are supported by most modelling tools, where we see a
major disadvantage of those approaches. Both papers focus on
making the behaviour an integral part of the modelled geom-
etry, while our approach regards behaviour as aspects cross-
cutting it. Fishwick [2000] proposes a methodology called
rube which provides guidelines on building behavioural struc-
tures in VRML. Rube suggests the creation of model templates
which are used to create metaphors. The metaphors can be
used to create a model. With this approach he supports a high
level of reusability and allows to model behaviour at different
levels, keeping it clearly separated from the geometry.

The X-VRML language of Walczak [2003] is a high-level pro-
cedural language based on VRML/X3D which supplies object
oriented and general purpose programming constructs. It is a
very powerfull approach, which provides many of the concepts
we have used in our proposal. However the X-VRML lan-
guage focuses on the dynamic creation of content, while our
approach focuses on enriching existing scenes with behaviour.

The CONTIGRA framework [Dachselt et al. 2002] uses XML
documents to describe a component containing interfaces, dif-
ferent media, methods for deployment and meta-data describ-
ing the component. The concept of behaviour graphs [Déllner
and Hinrichs 1998] is used to describe the behavioural aspects
of the component. Using XML methods, the document is
transformed for different target platforms with X3D being ex-
plicitly mentioned. Behaviour3D [Dachselt and Rukzio 2003]
elaborates the work by introducing behaviour nodes. Behav-
iour nodes are used to encapsulate behaviour and its interface
and can be arranged in a class hierarchy.

Many of the proposals introduced above, provide concepts for
the creation of dynamic virtual worlds. A lot of them focus
on the creation of components which simplifies the creation
of new virtual worlds. However none of them fully addresses
the issues we were trying to solve. Mainly we were not able
to find an approach, that supports the non-intrusive! automatic
addition of behaviour to X3D files without extending the X3D
standard.

!non-intrusive in the previously defined, aspect oriented sense
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XSL-Transformations [Clark 1999] in combination with
XPath [Clark and DeRose 1999] can be used for various parts
of the weaving process we propose. However, to have a better
control of the weaving process, we have decided to implement
our weaver using a general purpose programming language
(Aspect]).

3 The Aspect Oriented Approach

In X3D, geometry and behaviour are mostly separated. The
behaviour is encapsulated in Java classes or ECMA scripts,
and the geometry is stored in the X3D file. However, some
information that belongs to the behaviour, is not visible with-
out examining its source. The behaviour’s interface, meaning
the fields and events used by the source code implementing
it, is only implicitly defined through its usage. The interface
is made explicit only, when adding the behaviour to the scene
by listing the fields and events in the script nodes. This infor-
mation must be repeated for each instantiation of a behaviour.
Additionally, the necessary ROUTE statements must be added
to connect the behaviour with the controlled geometry. It can
be said, that this duplicated information crosscuts the struc-
ture of the X3D geometry. For a true encapsulation of behav-
iour the interface definition needs to be a part of it. An aspect
can be used to encapsulate the combination of behaviour and
its interface. As shown above, the behaviour aspects crosscut
the geometric structure. Figure 2 shows how a RandomMove-
ment behaviour is encapsulated into an aspect. The idea to
describe and encapsulate behaviour in a separate XML file is
not new, both Behaviour3D [Dachselt and Rukzio 2003] and
Avalon [Behr et al. 2004] allow to define custom (behaviour)
nodes.

As mentioned in the previous paragraph, the information
which behaviour is attached to the geometric objects, is con-
tained in the ROUTE statements of the X3D file. Following the
aspect oriented idea, the parts of the geometry affected by the
behaviour aspects can be regarded as the join points where the
aspects come into effect. Those join points can be specified
in a separate pointcut definition. Thereby the geometry defini-
tion is freed from this code. A pointcut language can be used
to specify the join points.

4 Implementation Concept

This section outlines the concepts of the implementation we
have developed to realise the ideas presented in this paper. Our
implementation includes a weaver and defines a pointcut lan-
guage. The remaining part of this section continues with a
brief explanation of the data sources available followed by a
rough description of the weaving process and ends with an ex-
planation of the main concepts of the pointcut language.



#X3D V3.0 utf8

DEF FISH_1 Transform {
children [
Shape { geometry Index

#X3D V3.0 utfs
DEF A_TIMER TimeSensor { loop TRUE }

DEF PEDESTIAN_1 Transform {
children [

<?xml version="1.0" encoding="UTF-8"?2>
<!DOCTYPE Behaviour
SYSTEM "BehaviourDescription.dtd">

<Behaviour name="RandomMovement">

. Shape {
DEF FISH N Transform {
children [

Shape { geoemtry Index ‘

url

DEF MOVE FISH 1 Script {
M eventOut SFVe

url “RandomMovement.clas
eventOut SFVec3f positidg

eventIn SFTime timeChang } e
} ‘\ ROUTE A TIMER.cycleTime

DEF MOVE_FISH_N Script {
url “RandomMovement.cla

STRANT 1.

geometry IndexedFaceset {...}}1}
DEF MOVE_PEDESTRIAN_I Script
“RandomMovement .class”

f positionChanged
eventIn SFTime| timeChanged

TO MOVE_PEDESTRIAN_1.timeChanged
ROYTE MOVE_PEDESTRIAN_1l.positionChanged
TO i

<Source type="JavaClass">
RandomMovement.class</Source>
<Events>
<EventIn type="SFTime">
timeChanged</EventIn>
<EventOut type="SFVec3f">
positionChanged</EventOut>
</Events>
</Behaviour>

RandomMovement.xml

eventOut SFVec3f positionChanged

ci){.x3d
eventIn SFTime timeChanged

. # ROUTEs following here

aquarium.x3d

| crosscutting script
node definition

RandomMovement.class

RandomMovementAspect

Figure 2: Behaviour Encapsulation

4.1 Information Domains

Our implementation allows to use different sources of data for
the creation of the final scene. All those data domains can be
accessed from the pointcut language. The four data domains
available are: the geometry, the behaviour, the data and the
system domain.

The geometry domain contains the static parts of the scene,
defined in an X3D document. The geometry can be created
either manually or be generated by a modelling tool. The ge-
ometry is used as the basis for the weaving process in much the
same way, the component program code is used as the basis of
the weaving process for weaving aspects into GPL programs.

The behaviour domain contains all behaviours available.
Each individual behaviour consists of two parts. One holds
the implementation (e.g. Java .class files or files containing the
ECMAScript code), and the other one is an XML file defining
the interface.

The data domain contains the data needed to parameterise the
behaviour. For the movement example described in section
4.2 this are the waypoints and the speed of the movement. The
data is held in separate XML files.

The system domain offers some basic global objects needed
regularly. Currently it offers only two timers, one cycling ev-
ery 0.1 seconds and one cycling every second. However there
might be other objects of interest which can be added here. For
example a keyboard input sensor might be useful in a number
of cases.

4.2 Weaving Process

In the weaving process the behaviour and additional data are
weaved into the geometry. This is done by taking the geome-
try as the base document, and then evaluating the pointcut def-
inition. The pointcut definition allows to add new behaviours,
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which results in script nodes being added to the scene. The be-
haviours can be parameterised with the information from the
data domain. Finally the connections defined in the pointcut
definition are evaluated, and routes between the script and ge-
ometry nodes are created. The scene created by this process is
a standard X3D document.

All elements involved in the weaving process (the events and
fields of the geometry nodes, the events and fields of the be-
haviour interface, and the data from the data domain) are typed
using X3D types. This allows the weaver to perform type—
checking when connecting the information according to the
pointcut definition.

As an example we show how our approach is used, to add
a moving behaviour to a sphere node. In the resulting scene
the moving behaviour moves the sphere along a number of
waypoints. All the files necessary for the weaving process are
listed in the listings 1-4. The geometry is given in listing 1,
the additional data in listing 2, the behaviour description in
listing 3 and finally the pointcut definition in listing 4. The
pointcut language is explained below. The Java code for the
movement behaviour is not included in this paper because it is
quite long and only the interface definition is important for the
weaving process. The result of weaving the given documents
is the X3D file shown in listing 5.

4.3 Pointcut Definition

The purpose of the pointcut definition is to bring together ge-
ometry and behaviour. It is used to control the weaving pro-
cess.

When designing our pointcut language, we had the following
requirements:

e It must be possible to apply behaviour aspects to individ-
ual geometric objects.



#X3D V3.0 utf8
DEF SPHERE_TRANSFORM Transform {
children [
DEF SPHERE_SHAPE Shape {
geometry DEF SPHERE Sphere {}
}
]
}

Listing 1: X3D Geometry

<?xml version="1.0" encoding="UTF-8"7>

<!DOCTYPE X3dData SYSTEM "X3dData.dtd">
<X3dData name="MovementData">
<X3dField name="waypoints" type="MFVec3f"
value="0 1 0, 100, 111, 020, 010"/>
<X3dField name="speed" type="SFFloat" value="5"/>
</X3dData>

Listing 2: Behaviour Data

<Behaviour name="Movement">

<Events>

</Events>

</Behaviour>

<?xml version="1.0" encoding="UTF-8"7>
<!DOCTYPE Behaviour SYSTEM "BehaviourDescription.dtd">
<Source type="JavaClass'">Movement.class</Source>

<EventIn type="SFTime">timeChanged</EventIn>
<EventOut type="SFVec3f">positionChanged</EventOut>

<Field type="SFFloat">speed</Field>
<Field type="MFVec3f">waypoints</Field>

Listing 3: Behaviour Description

new B.Movement ("MOVEMENT") ;

# instantiate a Movement behaviour aspect named MOVEMENT

# create an object MOVEMENT_DATA providing access to the data in the file MovementData.xml

new D.MovementData("MOVEMENT_DATA");
# set the parameters of the movement behaviour
assign D.MOVEMENT_DATA.waypoints to B.MOVEMENT.waypoints;

assign D.MOVEMENT_DATA.speed to B.MOVEMENT.speed;

# connect the the system timer to the behaviour, and the behaviour to the geometry
route System.Timer.dsec.cycleTime to B.MOVEMENT.timeChanged;
route B.MOVEMENT.positionChanged to G.SPHERE_TRANSFORM.translation;

Listing 4: Pointcut Definition

#X3D V3.0 utf8
DEF SPHERE_TRANSFORM Transform {
children [
DEF SPHERE_SHAPE Shape {
geometry DEF SPHERE Sphere {}
}
]
}
DEF MOVEMENT Script {
directOutput TRUE
url [ "Movement.class" ]
eventIn SFTime timeChanged
eventOut SFVec3f positionChanged
field SFFloat speed 5.0

}

DEF SYSTEM_DSEC_TIMER TimeSensor {
cycleInterval 0.1

}

field MFVec3f waypoints [ 0.0 1.0 0.0, 1.0 0.0 0.0,
1.01.0 1.0, 0.0 2.0 0.0, 0.0 1.0 0.0 1]

ROUTE SYSTEM_DSEC_TIMER.cycleTime TO MOVEMENT.timeChanged
ROUTE MOVEMENT.positionChanged TO SPHERE_TRANSFORM.translation

Listing 5: Generated X3D Document

101



e It must be possible to apply behaviour aspects to a num-
ber of similar geometric objects.

e [t must be possible to parameterise behaviour aspects.

To fullfill the above requirements, we have decided to design
an imperative pointcut language, which is evaluated (inter-
preted) by the weaver. Our pointcut language allows to in-
stantiate and parameterise behaviour aspects, and to connect
them to individual geometric objects. Instance-level aspects
and an explicit instantiation of aspects are not supported by
Aspect] and many other aspect oriented languages. However
those concepts can be found in Eos/Eos-U [Rajan and Sullivan
2003; Rajan and Sullivan 2005], an aspect-oriented extension
for C#.

To apply a behaviour aspect to geometric objects the following
steps must be performed:

1. The behaviour must be instantiated.

2. The behaviour may be parameterised.

3. The behaviour must be connected to the target geometric
object(s).

A realisation of the three steps can be found in the pointcut
definition of our movement example shown in listing 4. To ap-
ply a behaviour aspect to a number of geometric objects, wild-
card expressions and a foreach-loop construct can be used.

To support loose coupling between geometry and behaviour
aspects, the pointcut definition forms not a part of the aspects.
This approach can be found in other aspect oriented languages
like AspectWerkz 2.0% [Bonér 2004] or JBoss AOP [JBoss ].

4.3.1 Identifying Objects

In the pointcut definition we must be able to unambiguously
address the objects we are referring to. Each accessible object
is located in one of the domains introduced in 4.1. So the
first part of an identifier must be always the domain where it
is located. The identifiers to address the geometry, behaviour,
data and system domain are G, B, D and System.

For the behaviour and data domain, objects are created and
named in the pointcut definition. They can be accessed using
the names assigned there. For the system domain, there is a
predefined set of global objects whose names are defined by
the pointcut language. For the geometry nodes, we rely on
the X3D-names to identify the nodes. Therefore, each node
that should be addressable must have a unique X3D-name. It
is possible to identify objects directly or through their parent
nodes. For example, the sphere in listing 6 can be referenced
through either G. SPHERE or G.SPHERE_SHAPE. SPHERE.

#X3D V3.0 utf8
DEF SPHERE_SHAPE Shape {

DEF SPHERE geometry Sphere {}
}

Listing 6: A Sphere

2Note that AspectWerkz was recently merged with Aspect]. As a
result this approach is now supported in AspectJ too.
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As our approach requires nodes that should be addressed to
have a unique name, naming is an important issue. Naming
the X3D nodes can be done either manually or automatically.
When using standard modelling tools, naming the objects in-
side the tools proved to be the most efficient approach, as most
tools preserve those names in an X3D export. Manually nam-
ing the objects inside the tools ensures that the names remain
stable even after reworking and reexporting the scene. On the
other hand without additional semantic information, automat-
ically assigning the names in a postprocess to the export must
rely on the scene structure. This could cause objects to change
their names in later exports, and thereby break existing point-
cut definitions.

While using X3D-names defined with DEF is not optimal, it
was the only way we have found, which works without addi-
tional support of the authoring tools.

4.3.2 Pointcut Language Commands

The most important commands in the pointcut language are the
new, the assign to and the route to commands. The new
command is used to create new objects. This can be the instan-
tiation of behaviour aspects, the creation of X3D nodes or the
creation of objects to access additional data. The assign to
command allows to assign values from the data domain to
the fields of the behaviour aspects, thereby parameterising the
behaviours. The route to command allows to connect the
events of behaviour and geometry, thereby specifying the ge-
ometry affected by the behaviour aspects. Route to com-
mands are directly translated to X3D routes, with the addi-
tional benefit of type safety ensured by the weaver. Whenever
the types in an assign or route statement do not match or
a non-existent object is referenced, a type error is reported by
the weaver. A pointcut definition where all those commands
are used is shown in listing 4.

Additionally the pointcut language offers an insertion mecha-
nism. This mechanism can be used to add new nodes into the
X3D scene. This can be necessary, e.g. if we want to add the
movement behaviour to a geometric object CAR, but the CAR
is currently not defined as child of a translation node. Using
the insertion mechanism of the pointcut language, a translation
node can be added around the scene element CAR. The mech-
anism also allows to add complex structures stored in another
X3D file.

4.3.3 Wildcard Matching

To apply an aspect to multiple destinations, aspect languages
like Aspect] or AspectC++ support the usage of wildcard char-
acters in the pointcut expressions. The pointcut language we
have designed does also support wildcard characters. These
can be used to apply one behaviour to a number of objects.

As an example, consider, that we want all the persons in a
scene to be moving. For this purpose we add the movement
behaviour to all objects matching the pattern PERSON_*. Ob-
viously this requires the nodes to follow a consistent naming
scheme. To apply the behaviour to all matching nodes, the



foreach (G.SPHERE_*_TRANSFORM)
{

# create a movement behaviour

**

connect the behaviour

# the variable $1 holds the pattern that matched the first *
new B.Movement ("MOVEMENT_$1_SCRIPT");
route B‘MOVEMENT_$1_SCRIPT.positionChanged to G.SPHERE_$1_TRANSFORM.translation;
route System.Timer.dsec.cycleTime to B.MOVEMENT_$1_SCRIPT.timeChanged;

# assign individual data to the behaviour for each sphere

assign D.MOVEMENT_DATA.waypoints_$1 to B.MOVEMENT_$1_SCRIPT.waypoints;
assign D.MOVEMENT_DATA.speed_$1 to B.MOVEMENT_$1_SCRIPT.speed;

Listing 7: Foreach Example

three steps listed at the beginning of section 4.3 must be per-
formed for each match of the wildcard pattern. For this pur-
pose the foreach statement was introduced into the pointcut
language. It allows to iterate over the matches. For each match
the current replacement of the wildcard characters is acces-
sible through the variables $1, $2, ..., $n. This offers
some flexibility, and allows to assign different parameters to
each behaviour instance.

Listing 7 shows a usage of the wildcard matching. A more
elaborate example is introduced in section 5.2.

5 Applications of the Weaver

Two applications of the weaving process are presented in this
section. First we explain, how we have converted an exist-
ing X3D-based game to our approach. The second application
uses the weaver to add the same behaviour to a large number
of nodes.

5.1 An X3D-Based Water Polo Game

In this application we have reworked an existing X3D-based
water polo game and changed the authoring process to our
weaver based approach.

In the game, the player plays the goalkeeper. His movements
are tracked by a camera and mapped into the scene. A screen-
shot of the game in action is shown in figure 3. The scene
where the player is acting in, an indoor pool, was modelled
using the 3D modelling package Cinema 4D [MAXON 2006].
Behaviour code was written to add the dynamic parts to the
game: the logic of shooting and catching the ball, counting
and displaying the scores, playing sound and displaying the
image of the goalkeeper in the scene. The behaviour code and
the geometry were manually combined. Whenever the mod-
eller changed the scene, the behaviour code had to be inserted
into the new scene again.

The game was build on top of the Avalon framework [Behr
et al. 2004]. Avalon is an extensible X3D-based framework
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for VR-/AR-applications. It allows to extend X3D with cus-
tom nodes, described in a node definition format (NDF), and
was used in the project to access the camera as an input source.
To support the NDF extension, we had to adapt the X3D parser
underlying our weaver. With the new parser we were able to
treat NDF nodes like arbitrary X3D nodes. Afterwards we re-
organised the game, to generate the final scene using the wea-
ver.

Converting the scene required around six hours of work. Tasks
we had to perform were:

o identifying the different behaviour aspects

e extracting the required information for each behaviour
and move it into separate files

e defining the interface for each behaviour in an XML file

e writing a pointcut definition to add the behaviours to the
geometry

The result of the restructuring is a much more modular design.
Each behaviour is now cleanly encapsulated and no longer
scattered among the X3D file. We ended up with four be-
haviour aspects. One adding sound, one controlling settings
for the scene, one controlling the animation of the ball, and
one adding the game logic. Each aspect consists of an XML
interface definition, and a JavaScript file implementing the be-
haviour.

Most behaviour aspects need some additional X3D nodes to
work. These are e.g. sensor, interpolator or texture nodes.
For each behaviour we have collected the required nodes in a
separate X3D file. Those are added to the scene using the in-
sertion mechanism of the pointcut language. However, these
nodes form an integral part of the behaviour aspects. Hence
adding them using the pointcut definition is not an elegant so-
lution. It requires to duplicate the insertion for each instanti-
ation of the behaviours. As this is error prone, we plan to ex-
tend the behaviour description, to allow making the definition
of additional X3D nodes part of it. So, whenever the behav-
iour is instantiated, the included X3D nodes are added to the
scene. However, when including named geometry nodes in
the behaviour, multiple instantiations of the behaviour would
result in name clashes. This issue could be addressed by
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Figure 3: X3D Water Polo Game (Depicted in colours in the colour plate at page [X])

providing a unique behaviour ID for each instance of a be-
haviour aspect. In the behaviour’s geometry, this ID can be
facilitated to form a part of the nodes’ names. Further, to
avoid redundant nodes, a “static” geometry part shared among
all instantiations of a certain behaviour aspect could be used
for sharable nodes. Theoretically the same result could be
achieved, by using the dynamic generation of X3D nodes at
runtime in the code implementing the behaviour (using the
createWorldFromString() function). However we have
found that the latter solution is less practical.

Switching to the weaver-based approach, we were able to split
the 810kB file containing the original game, into a 555kB file
containing the basic scene (generated by Cinema 4D), and
a number of smaller files (0.4 kB up to 9kB) implementing
the behaviour. Only two files, containing the ball’s geometry
and its waypoints, were with 40kB and 187kB considerably
larger. Holding each behaviour in a separate set of files, makes
the structure concise and the further development and mainte-
nance of the game much easier.

Another advantage is, that we are now able to adapt the game
to other settings with little effort. For example we have the
same type of game as a soccer game. For this we can easily
reuse the common components, exchanging only the different
parts like the stadium and the ball’s waypoints. The pointcut
definition itself will need only minor adaptions.
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5.2 A Benchmark Scene

In this project, we have created a benchmark scene, to test
how well X3D browsers handle a large number of geometric
objects and behaviours. For this purpose we generated a ge-
ometry containing a number of boxes (listing 8) and a data file
containing an equal number of positions (listing 9). We also
created a behaviour allowing to toggle the colour of a box by
clicking on it (listing 10 and 11). We attached this behaviour
to each box using the foreach statement. Our pointcut defini-
tion (listing 12) made full use of the pointcut language, adding
Tansform-nodes around the boxes and inserting TouchSensors
into the Transform-nodes using the insertion mechanism. We
also assigned positions to the Transform-nodes and afterwards
connected the toggle behaviour to the boxes and TouchSen-
sors. The generated scene is shown in listing 13.

Performing the weaving for a large number of boxes proved
also to be a benchmark for our implementation of the
weaver—working on a large scene and applying the behav-
iour aspect to a large number of objects. It turned out, that our
implementation of the weaver did not perform well. We will
address those performance issues in a revised version.

6 Benefits of Using the Aspect Ori-
ented Approach

In this section, we list the benefits we see in using the aspect
oriented approach for adding behaviour to geometry scenes.



<X3D [...]1>
<Scene>
<Group DEF="GROUP_1">
<Shape DEF="BOX_SHAPE_1_0">
<Appearance>
<Material DEF="BOX_MATERIAL_1_0"/>
</Appearance>
<Box size="1.5 1.5 1.5"/>
</Shape>
<Shape DEF="BOX_SHAPE_1_1">
<Appearance>
<Material DEF="BOX_MATERIAL_1_1"/>
</Appearance>
<Box size="1.5 1.5 1.5"/>
</Shape>
[...]
</Group></Scene></X3D>

Listing 8: boxes.x3d (Geometry)

<?xml version="1.0" encoding="UTF-8"7>
<!DOCTYPE X3dData SYSTEM "X3dData.dtd">
<X3dData name="BoxPositions">
<X3dField name="position_1" type="SFVec3f"
value="3.7 11.3 61.1"/>
<X3dField name="position_2" type="SFVec3f"
value="16.7 75.2 84.8"/>
[..]
</X3dData>

Listing 9: BoxPositions.xml (Data)

var state = 1;
function toggle(value, time) {
if (state == 1) {
colorChanged = new SFColor(0.5,0.2,0.3);
state = 0; }

else {
colorChanged = new SFColor(1,1,1);
state = 1; }

}

Listing 10: ColorControl.js (Behaviour Implementation)

<?xml version="1.0" encoding="UTF-8"7>
<!DOCTYPE Behaviour SYSTEM
"BehaviourDescription.dtd">
<Behaviour name="ColorControl">
<Source type="JavaScript">
ColorControl.js</Source>
<Events>
<EventIn type="SFTime">toggle</EventIn>
<EventOut type="SFColor">
colorChanged</EventQOut>
</Events>
</Behaviour>

Listing 11: ColorControl.xml (Behaviour Description)

new D.BoxPositions("BOX_POSITIONS");
foreach (G.BOX_TRANSFORM_1_x)

{
new B.ColorControl("COLOR_CONTROL_$1");
insert
new G.X3D("<Transform DEF=’BOX_TRANSFORM_1_$1°/>")
around
G.BOX_SHAPE_1_8$1;
insert
new G.X3D("<TouchSensor DEF=’TOUCH_SENSOR_1_$1’/>")
into
G.BOX_TRANSFORM_1_$1;
assign D.BOX_POSITIONS.position_$1
to G.BOX_TRANSFORM_1_$1
route G.TOUCH_SENSOR_1_$1.touchTime
to B.COLOR_CONTROL_$1.toggle;
route B.COLOR_CONTROL_$1.colorChanged
to G.BOX_MATERIAL_1_$1.diffuseColor;
}

Listing 12: boxes.pc (Pointcut Definition)

<X3D [...]>

<Scene>

<Group DEF=’GROUP_1’>

<Transform DEF=’BOX_TRANSFORM_1_0’
<Shape DEF=’BOX_SHAPE_1_0’>

<TouchSensor DEF=’TOUCH_SENSOR_1_0’/>
</Transform>

[...]

translation=’3.7 11.3 61.1°>

<Appearance>
<Material DEF=’BOX_MATERIAL_1_0’ diffuseColor=’1.0 1.0 1.0°/>
</Appearance>
<Box size=’1.5 1.5 1.5°/>
</Shape>

<Script DEF=’COLOR_CONTROL_0’ url=’"ColorControl.js"’>

<field name=’toggle’ type=’SFTime’ accessType=’inputOnly’/>

<field name=’colorChanged’ type=’SFColor’ accessType=’outputOnly’/>
</Script>
[...1
<ROUTE fromNode="TOUCH_SENSOR_1_0" fromField="touchTime"

toNode="COLOR_CONTROL_O" toField="toggle"/>

[...1

</Group></Scene></X3D>

Listing 13: toggle-boxes.x3d (Generated X3D Document)
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First, it supports a clear separation of the behaviour aspects
from the geometry, thereby supporting loose coupling between
both parts. This has a positive effect on the reusability of be-
haviour and geometry. It allows the creation of a pool of differ-
ent behaviours, which can be used to extend existing scenes.
The vision of having a pool of behaviours available, we share
with other authors like e.g. Paul Fishwick [2000].

Encapsulating the interface together with the behaviour’s im-
plementation in an aspect provides additional benefits. It al-
lows to use the behaviour by looking only at its interface, with-
out having to study its implementation. Also, when adding be-
haviour to the scene, the weaver is able to check the type—cor-
rectness of the connections resulting in an early error recogni-
tion. Finally, it makes changing the behaviour easier, because
changes in the interface must be tracked in the pointcut defini-
tion only. There is no need to adapt the X3D files any more,
and resulting type errors will be detected by the weaver.

Finally, one very important benefit becomes visible when
working with automatically generated geometry. Many mod-
elling tools allow to export X3D files. However, the support
for modelling behaviour is often very limited in those tools.
This requires to add the behaviour after the export has hap-
pened. When doing this manually every new export of the
X3D file, e.g. after changing the geometry, requires the behav-
iour to be added again. Using the aspect oriented approach de-
scribed above, only the automatic weaving process must be re-
peated. Only if the parts of the geometry controlled by behav-
iour aspects change, the pointcut definition must be adapted.

7 Conclusion & Future Work

We have shown a way to transfer the ideas of aspect oriented
programming to the process of creating virtual worlds. We
have argued, why we believe it is beneficial to regard be-
haviour as aspects of the geometry. We have described the
concepts for an implementation which grounds on the aspect
oriented idea. Using a pointcut language, behaviours can be
added to a single node or to a large number of nodes. The
approach we have used proved to be quite flexible and is not
limited to a special problem domain.

The technique described in this document is especially useful
when developing virtual worlds with a bigger team. It sup-
ports loose coupling between behaviour and geometry. This
allows the team members to work quite independently and en-
courages the creation of general purpose geometric objects and
behaviour that can be reused in other scenes. Another useful
scenario is, when modelling tools are used to create the geom-
etry. Here the behaviour can be added in a postprocess after
the export to an X3D file has happened.

Selecting objects using wildcards together with the foreach-
loop provides the means to apply behaviour aspects to multi-
ple objects. We plan to extend the pointcut language to allow
a finer control of the selected objects. For example restrict-
ing the selection to subnodes of a chosen node or to nodes of
a certain node-type are additional language features, that we
believe would be beneficial.
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One interesting field for further research is to examine, how
the approaches to object oriented VRML development [Bee-
son 1997; Diehl 1997] can be combined with the techniques
described in this document. Another related issue is, wether
we can regard whole geometric structures as instances of
classes, and if it is feasible to apply behaviour based on those
classes instead of name patterns.
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