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Chapter 1
Introduction
1.1

The DenK project

In 1989, the Eindhoven-Tilburg Organization for Inter-University Cooperation (SOBU)
started the research project DenK (an acronym of the Dutch translation of Dialogue
management and Knowledge acquisition; see [Sob89] for the original project proposal).
The goal of this project is the development of a generic, multi-modal user-interface
(GMUI):
development: the DenK research project should result in a demonstrable prototype
GMUI.
generic: this GMUI should be applicable in a variety of application domains (e.g.
computer assisted operator training, virtual laboratories, and simulators).
multi-modal: in the GMUI, user interaction is supported via several UI-devices or
modes, viz. graphical (mouse and graphical screen) and textual (via keyboard
and text window, both in formalized and semi-natura! language).
As described in [Be93] this user-interface should be based upon the real situation
metaphor of two (dialogue-) partners having access to a common workspace. The (human) user of the interface is one of the partners, the other partner and the workspace
are both simulated by the interface implemented on a computer. Since the simulated
partner tries to fulfill all wishes from its human partner, it wi!l be called the coopemtive assistant. The textual communication mode between the two partners consists of
fragments in natura! language:
• from user to the cooperative assistant: the user can command the assistant to perform a task in the workspace or he can ask the assistant a question
concerning the workspace.
• from assistant to the user: the assistant responds to commands by performing
the requested task and to questions by giving the correct answer in natura!
language.
1
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The communication between the human partner and the workspace consists of:
• from user to the workspace: selection and direct manipulation of objects in
the workspace, e.g. by means of a mouse.
• from workspace to the user: up-to-date visual representation of the workspace, via realistic rendering of moving 3-D virtual scenes.
The comrnunication between the cooperative assistant and the workspace consists of:
• from assistant to the workspace: the assistant can modify and inspect the
workspace.
• from workspace to the assistant: the workspace responds to modifications
by changing itself and to inspections by giving correct results.
The relation between the human user, the cooperative assistant, and the common
workspace is depicted in Figure 1.1.

Figure 1.1: The relation between the user, the assistant, and the workspace
In order to tailor the GMUI for a dedicated application domain, both the common workspace and the cooperative assistant should be instantiated properly: the
workspace should be informed about the appearance and behavior of the objects in
the domain, while the assistant should be informed about the facts and reasoning rules
of the domain.
Since the workspace can change over time, either by its own autonomous behavior,
direct manipulation by the user, or modification by the cooperative assistant, the
(visual) communication from workspace to user can be viewed as an animation of
the evolving workspace.
Definition 1.2 : a1JÎmation
Animation is a collection of changes over time that have a visuaJ effect.
D

For example, an animation may consist of changes over time of position, shape 1 color,
lighting, camera position, camera orientation, etc.
Definition 1.3 : ar.imation system
An animation system is a system that can be used to create animations.
D

1.2. Computer animation

3

The workspace can therefore be implemented on an animation system provided this
system supports:
• autonomous behavior of the animated objects in the workspace
• modification of the (behavior of) the objects in the workspace by the cooperative
assistant
• inspection of the status of these objects by the cooperative assistant
• direct manipulation of these objects by the user.
FUrthermore, the animation system should fully comply with the generic character of
the multi-modal user-interface of the DenK project.
The design of an animation system that fulfills the above requirements is the main
subject of this thesis. In order to be able to compare it with existing animation
systems, the next section contains a brief introduction and overview of previous results
in computer animation.

1.2

Computer animation

With the advent of fast computers and sophisticated graphical hardware in the last
decade, the variety of computer animation applications has grown enormously. Nowadays computer animation is used in a diversity of professions, for example:
• in simulators: to train personnel to react to all kinds of emergencies, thereby
reducing the risks when such events really occur
• in architect ure: to study the effects of a new design with respect to the environment and to the commodiousness
• in hospitals: by medica! staff to study different aspects of a surgery before the
actual performance, in order to anticipate to possible complications
• in commercials and the entertainment industry: the film 'Jurassic Park' by
Steven Spielberg, for example, is one of the greatest box-office hits of all-time,
not in the least because of the impressive animation of the dinosaurs.
This section describes the techniques that are used in computer animation (1.2.1) and
the incorporation of these techniques in various animation systems (1.2.2).

1.2.1

Animation techniques

The foundation of animation is the discovery in 1824 by Peter Mark Roget that the
human eye sees a motion when pictures are shown at an appropriate rate (see Chapter 1
in poh89] fora summary of early theories and equipment). In early animation devices,
animation was achieved by means of a rotating cylindcr that contained a (small) set of
pictures. The animations were therefore very short, periodic, and also rather involving
to produce. The real breakthrough carne in 1889 with the introduction of celluloid
film, which allowed for picture-for-picture recording, first carrie<l out by Blackton in
1906. Now, animations could have arbitrary length and were easier to produce.

4
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At first, all pictures (or frames in animation terminology) were drawn by hand before
they were recorded on film. Naturally, this method is very time consuming considering
that more than 1000 pictures are necessary for just one minute of animation. To speed
up this process, the technique of cel-animation was introduced in 1914 by Earl Hurd.
In his approach the main characters and backgrounds are drawn with non-transparent
ink on transparent cels, wLich may be combined to generate a frame. The number
of drawings is indeed reduced considerably, but the quality of the animation is poor,
since few of the drawings actually change over time: most frames use the same cels albeit in changing configurations.
To improve the technique of cel-animation, a new technique was developed: keyframing, where the animators drew only the important frames (or key-frames) of the
animation. The task of drawing the frames tetween the key-frames (logically called
inbetweening) was carried out by less quaEfied artists. One of the studios where this
technique reached its perfection was the studio of the illustrious Walt Disney, e.g.
the first animated feature length motion picture 'Snow White and the Seven Dwarfs'
(1938) was IJroduced by ilis company.
When computers with graphical devices became available (1950s), they were first used
to visualize the results of scientific computation [Zaj66]. Later it was realized that
comput.!rs could also be used to facilitate the elaborate inbetweening process of more
traditional animation production [BW71]). Consequently, much research went into the
development of methods to specify the automatic inbetweening of key-frames. In computerized inbetweening, the key-frames are represented in the computer, while some
numerical attributes (e.g. coordinates and angles) are interpoiat.ed in order to generate
the other frames. Although more advanced techniques for computer animation were
introduced afterwards, computer as::,isted key-frame animation is still used frequently.
In fact, a somewhat more sophisticated version of inbetweening became quite popular
in recent years under the name of morphing, and, for example, it was used to produce
the famous sequence of metamorphoses of human heads in the 'Black or White' clip
of Michael Jackson (see [Bei92] fora detailed descripti01; of the applied technique).
Basically, there are two ways to specify the inbetweening process: script-oriented or
graph-oriented. In the former approach the inbetweening is specified by means of a
script1, an animation specification in a forma! language. In the latter approach the
inbetweening is speLified by means of a graph that can be manipulated by the mouse.
These approaches are not mutually exclusive, but may be used together [Sch86].
Unfortunately, key-frame animation has two (major) drawbacks. First, the animator
has to know the exact sequence of frames in the animation in advance. Neverthelees, the term i11teractive key-f'rame animation is used in literature. Normally, this
term means either the interactive design of a key-frame animation by means of the
repetitive 'trial-and-error' method (i.e. the animator repeatedly views and changes
the llnimation until he or she is satisfied), or it means the interactive control of the
inbetweening process. The second drawback is that natura! phenomena may be very
hard to specify by means of key-frames. In order to overcome these problems, many
techniques ha~e been proposed; they can be classified in the following mainstreams:
(inverse) kinematics, (inverse) dynamics, constraints, algorithmic animation, and mo1 The input of scripted key-frarne anirnation consists thus of two parts: key-frames and a script.
In more advanced animation techniques (i.e. (inverse) kinematics, (inverse) dynarnics, constraints,
algorithmic anirnatiov, and motion recording) the input consists of a script only.
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tion recording (this classification is based on [Wil87]; a more elaborate introduction
to (inverse) kinematics and dynamics can be found in [REG+91]).
In the kinematics approach, an animation is specified by supplying the trajectories,
over time, of parameters that describe the characters in an animation. Examples of
such parameters are angles, distances, etc. Inverse kinematics, on the other hand,
deals with inferring these (parameter) trajectories from given positions of designated
parts of the animated characters. Both approaches typically apply to articulated bodies, complex characters that consist of an assembly of elements with restricted relative
motion. For example, Girard uses inverse kinematics for these bodies to imitate the
motion of legged animals [Gir87]. The following example clarifies these techniques:
suppose the position of an arm is parameterized by an elbow angle and a shoulder
angle (note: in this example the arm is an articulated body). In the kinematics approach, these two angles vary over time, and this defines the arm movement over time.
In the inverse kinematics approach, a trajectory of some end effector of the character
(say, the hand) is given, and the angle parameters are inferred from this trajectory.
To facilitate the simulation of natura! phenomena, the technique of dynamics can
be used. Here, the animated bodies are supplied with masses, inertial tensors, accelerations, etc. Their movements can thus be calculated using Newton's law (i.e. the
force applied to a body equals its mass times its acceleration). Like kinematics, dynam.ics also has a counterpart: inverse dynamics, where forces are computed that
are necessary to reach a specified goal. In recent years, many methods were proposed
to apply these approaches to articulated bodies (see e.g. [WMS88, ADH89, Ove91]).
Again these techniques are clarified by an example: suppose the arm from the previous
example has a mass. In the dynamics approach, the forces applied to the arm vary
over time, and this defines - by means of Newton's law - the acceleration of the arm
over time. Consequently, a numeric integration method can be used to calculate the
position over time. In the inverse dynamic approach, again a trajectory of some end
effector is input, but this time the forces that should be applied to the arm in order
to have the end effector move along the designated trajectory are computed.
Since the specification of the animation using inverse kinematics or inverse dynamics
consists of giving the end-positions of the moving bodies (while the movements of the
other elements are calculated automatically), these techniques are commonly known
as goal-directed animation.
Both kinematics and dynamics are special cases of constraints, i.e. relations between (properties of) bodies that are maintained by the system. This maintenance
mechanism adds to the impression of autonomous behavior of animated bodies. For
example, constraints have been used in animation to simulate waving cloths [OL92] or
other flexible objects [PB88J . Another type of constraint is the property that bodies
cannot move through each other. To prevent this from happening, techniques are introduced for collision detection and collision response, i.e. the actions that are
taken whenever a collision is detected (see e.g. [MW88, Bar89]).
Soll!etimes the above techniques are too limited to control an animation, e.g. animating algorithms or growing trees are hard to specify kincmatically or dynamically.
Moreover, these animations may be easier to specify by means of an algorithm this approach is therefore called algorithmic animation control. Consequently,
animation systems that support this kind of control must have very powerful scriptlanguages (e.g. the script-language ASAS [Rey82] is an extcnsion of the programming

6
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language LISP). Naturally, all of the above techniques can be incorporated in an
algorithmic controlled animation system, because they can be implemented using a
script-language.
Finally, animations, especially the movement of human figures, can be specified by
means of motion recording. It consists of real-time recording the movements of
human actors and using these recorded movemènts in the specification of an animation [MP90]. eurthermore, the recorded motions can be interpolated to increase the
usefulness of the animation system. However, since t.he movements are pre-recorded,
interaction with an animation of this kind is rather limited.

1.2.2

Overview of animation systems

In the last der.ade many animation systems have been introduced. The characteristics
of some representatives of this SP.t are summarized in this section. Unfortunately,
the designers of these systems seem not always to agree upon the terminology used.
Consequently, the terminology has to be defined explicitly.
Definition 1.4 : universa} ;:mimation system
A universa! animation system is an animation system that can be used for a
great variety of animation domains.
D

The opposite of a universa! animation system, a dedicated animation system, is a
system that is tailored for a specific domain, e.g. the animation systems Gesture and
Human Factory are dedicated to animation of human movements.
Definition 1.5 : direct modification
Direct modification means that a rnnning anil!lation can be controlled by means
of script fragments.
D

Definition 1.6 : direct manipulation
Direct manipulation means that a running animation can be controlled by
means of a control d0vice, e.g. a mouse.
D

Definition 1. 7 : interactive animation
Interactive animation means that a running animation can be controlled by
means of direct modification or direct manipulation.
D

Table 1.8 (page 9) contains the characteristic:> of current animation systems with
respect to: universality, direct modification, direct manipulation, and motion specification (the symlool .,/ that is used in this table mcans that a particular feature is at
least partly supported by an ani:nation system). The following animation systems are
included:
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1. Advanced Visualizer [Vin92]

Advanced Visualizer is a commercial animation system developed by Wavefront
Technologies. It supports key-framing and algorithmic control (even for articulated bodies). Furthermore, Advanced Visualizer supports channels, i.e. sources
that provide information which can be used to control the animation; for example, external simulation tools may use channels to control an animation in the
Advanced Visualizer.
2. ASAS [Rey82]
ASAS is an animation system that is based on the LISP programming environment. To facilitate the definition of simultaneously moving bodies, ASAS's
script-language supports actors, i.e. modular animated program structures.
3. Avenue [DAU88]
Avenue is an animation system that supports both key-framing and algorithmic
control. The Jatter is based on the logic programming paradigm (the language
Prolog is an exponent of this paradigm). Consequently, an Avenue script consists
of facts (e.g. there is a green body somewhere in space) and rul es (e.g. green
bodies will always be rotating, and rotating bodies become red). By applying
the rules to the known facts, Avenue is able to generate animations (e.g. the
green body will start to rotate while turning red).
4. Clockworks [BGA +37, GB90J
Clockworks is an integrated environment for modeling, image synthesis, animation, and simulation. All motion con trol (e.g. key-frames and the corresponding
interpolation information) is translated by the Clockworks to a script in an
object-oriented language. Furthermore, the Clockworks allows for animations to
be partly controlled by external processes.
5. Controller [Joh89]
Controller is an animation system that is aimed at the production of animations for entertainment. Motions in Controller are specified by means of curves
(dedicated curves are available in order to mimic dynamics).
6. Explore [Vin92]
Explore is a commercial animation system developed by Thomson Digital Image.
It consists of several modules: FACE for modelling, ANIM for animation, and
RENDER for rendering. The constraints supported by Explore can only be used
to control the inverse kinematics of articulated bodies.
7. Gesture [MC90]
Gesture is an animation system that uses a high-level script-language to generate
an animation of human beings. Consequently, the script-language contains specific movements (e.g. walk, scratch, etc.) . For each of these movements Gesture
has a description how to perform them (e.g. by using dynamics, kinematics, or
key-frame data) - the actual motion calculations are carried out by external
programs.
8. Human Factory [MTT87]
Human Factory is an animation system whose main purpose is the direction of

8
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synthetic actors. It supports key-framing, kinematics, dynamics, and algorithmic
control. The script-language is also aimed at the aforementioned purpose, and
supports, for example, procedures to control the muscles of the actors.
9. Kaya [WMS88]
Kaya is an animation system that is developed to explore low-level control of
artkulated bodies by means of dynamics (although kinematics is also supported).
Furthermore, Kaya is able to perform collision detection and response.
10. Miranim [MTTF85]
Miranim is an animation syt.tem that consists of two parts: Body-Building for
modeling and Animedit for motion specification. The Jatter is intended for animators who do not know how to program: they can specify an animation by
applying pre-defined motions to bodies. However, the system can be easily extended to support mor') de<licated motion primitives. For this purpose Miranim
contains the language Cinemira-2.
ll. Pinocchio [MP90]

Pinocchio is an animation system that mainly supports motion control by means
of recorded (human) movements. Furthermore, Pinocchio contains a scriptlanguage that facilitates both the interpolation between recorded motions and
the specification of autonomous actors using these motions.
12. PowerAnimator [Vin92]
Power Animator is a commercial animation system developed by Alias Research.
lt only supports motion control by means of key-framing and kinematics, where
the trajectories can be specified by means of curves.
13. Softlmage 3D [Vin92]
Softlmage 3D is a commercial animation system developed by Softlmage. Besides key-framing, it supports kinematics and dynamics for articulated bodies
which even can be control:ed by means of direct manipulation. The supportcd
constraints are restricted to connections between bo<lies and to collision detection.
14. Solar [CWC88]
Solar is an animation system that contains ar; object-oriented script-language.
In Solar motions are spe.::ified by means of curves that are stored in 'motionobjects'. Next, these 'motion-objects' are linked to 'graphica.1-objects' which
then perform the specified P.'lotion (multiple 'motion-objects' can be linked to a
single 'gra.phical-object' in order to generate complex, hybrid motions).
15. Symbolics [Vin92]
Symbolics is a commercial animation system that supports key-framing animation controlled J.,y means of curves. These curves can be specified manually in a
graphics window, or t!ley can be specified by means of script fragments. Since
Symbolics is based on a LISP interpreter script fragments can be added without
restartin~ the animation (note that this does not imply that Symbolics supports
direct modification: indeed, these fragments cannot be used to <:ontrol a running
animation).
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16. Walt [Ov91, Nie92]
Walt is an animation system that supports several kinds of motion control. Furthermore, an animation in Walt can be influenced by means of direct manipulation. It also contains a multi-track recorder which can be used to record and
playback the movements of selected bodies. Currently Walt serves as a test-bed
for animation algorithms developed at Eindhoven University of Technology, e.g.
a constraint algorithm [OL92] and a collision detection algorit hm [Kel93b).
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Table 1.8: Characteristics of current animation systems

1.3

Motivation

The most important motivation for the research described in this thesis, is the fact
that currently no (universa!) animation system exists that is capable of both direct
manipulation and direct modification. Consequently, no existing animation systcm
can be used to describe the (autonomous) workspace in the DenK project.
Furthermore, current animation systems often offer two modes: a modclling mode
and an animation mode. It is usually not possible to change the model during the
animation. Although this is not a big problem for many animations, it dcfinitcly
restricts the universality of the animation system (e.g. it binders the dcvcloprncnt"
over time, of animated objects, such as growing plants).
A similar problem occurs when using articulated bodies: in many animatio11 systcms
it is only possible to specify the hierarchy of these bodies bcfore the anirnat.ion. Ncvertheless, changing the hierarchy during an animation is sometimcs vcry uscful: for
example, when a man should throw a ball to another man, the ball shoul<l at first be
connected with the thrower, then it should move freely through space, and fi11ally it
should be connected with the catcher.

1.4

Overview of this thesis

The remainder of this thesis consists of 7 chapters. Chapter 2 discusses the Gcncralizl'd
Display Processor (GDP) architccture, an object-oricntc<l universa! animation syst.<·111

10
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that supports direct manipulation and direct. modification and that is therefore suitable for the representation of the common workspace in the DenK project. Chapter 3
presents Looks, the object-oriented script-language nf the GDP. Chapter 4 addresses
the design of the GDP, while ChaptP.r 5 discusses some a.spects of an object-oriented
implementation. Chapter 6 presents some classes that are useful in such an animation
system. For example, the generic class collection is designed to facilitate existential
and universa! operations in direct modification. Chapter 7 describes a sample animation, written in Looks, that contains inverse kinematics motion in combination with
direct manipulation. Finally, Chapter 8 summarizes the results of this ti:J.esis and also
presents directions for future research.

Chapter 2
Generalized Display Processor
2.1

Introduction

This chapter discusses the architect ure of an animation system that fulfills the requirements from the previous chapter and which is consequently suitable for the representation and visualization of the workspace of the DenK project.
First, Section 2.2 presents three traditional architectures that are used to display
images on a screen. Second, Section 2.3 explains why these architectures are not very
well suited fora universa! animation system, and it discusses the Generalized Display
Processor architecture from [Ov91] that is devised to be used in such an environment.
Finally, Section 2.4 argues why this Generalized Display Processor architecture does
not satisfy all of the aforementioned requirements for the DenK project, and it shows
how this architecture may be modified in order to fulfill these requirements.

2.2

Traditional Architectures

Modern computer systems use graphical displays based on CRTs (Cathode Ray Tubes),
that have the property that the screen-contents decay very quickly. Consequently, the
screen-contents should be redrawn (or refreshed) fast enough, in order to suggest the
human eye that the screen-contents are permanent (if the refresh-rate is too low,
approximately below 60 Hz, this refreshing process is experienced as a 'flickering'
screen).
Since refreshing the screen is a repetitive, time-consuming process, it should not be
performed by the Centra) Processor Unit (CPU) because otherwise:
• programmers have to anticipate the interruption of their programs due to the
refreshment of the screen;
• programs would run slowly on such a CPU, since some of its time the CPU is
refreshing the screen.
Therefore, architectures were developed where specialized video hardware draws the
screen-contents on the graphical display !FDFH90]. In these architectures the CPU
and video hardware share a memory module that contains a description of the screencontents. Now, the CPU only has to update the contents of the memory module in
order to change the contents of the screen. Since the CPU should also be able to
11
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inquire about these cöntents, a bidirectional communication channel exists from the
memory module to the CPU. Figure 2.1 shows the functional components of these
architectures.

CPU

Video
Hardware

Figure 2.1: Specialized Video Hardware
Based on technica! developments, several architectures were introduced in the last
decades, for example:
1. vector-graphics
When the first of these architectures was developed in the 1960s, memory modules were slow and expensive. Therefore, the minimization of the amount of
memory was an important design issue. This goal was reached by restricting
the screen-contents to line segments only (hence: vector-graphics), where only
the begin- and end-positions of a line segment are stored in memory. Since the
memory module contained a list of graphical primitives (i.e. line segments), it
became known as a display list (DL); the video hardware that used this DL was
named a display processor (DP).
2. raster-graphics
When memory modules became faster and cheaper in the 1970s, the need to
minimize the amount of memory became less prominent: it became possible to
store the screen-contents as a raster (hence: raster-graphics) of picture elements
(pixels). Since each pixel can be controlled individually, raster-graphics allows
for much more realistic rendering (on sophisticated hardware even photographic
realism can be achieved). The memory module and video hardware of this architecture are known as frame bv.fier and video controller respectively.
3. raster-graphics with DP
In the raster-graphics architecture the CPU may have to update many pixels in
the frame buffer (e.g. filling a large polygon with a color). In order to minimize
the amount of time the CPU has to deal with filling the frame buffer, a dedicated
processor is introduced (again, the name display processor is used). The communication from CPU to DP is performed in terms of graphical primitives, such
as line segments and polygons, whereas the communication from DP to frame
buffer consists of the pixels for these primitives. In order to facilitate inquiries
about the screen-contents, which are stored in the frame buffer, communication
channels are introduced from frame buffer to display processor and from display
processor to C'PU. This architecture is shown in Figure 2.2.

2.3. Generalized Display Processor 0 Architecture
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Figure 2.2: Raster-graphics with DP

2.3

Generalized Display Processor 0 Architecture

In [Ov91] it is argued that the above architectures are not very suitable for programs
that involve many changes of the screen-contents, e.g. animation programs. Indeed,
changing the screen-contents requires communication from CPU to memory module
or DP (in case of raster-graphics with DP architecture). Depending on the amount
of communication, this may severely slow down the program that runs on the CPU.
Moreover, the computationally expensive algorithms used in computer animation (e.g.
dynamics, constraint solving, or collision detection and response) will hinder the other
tasks running on the same CPU. Finally, programs containing animation sequences
may be hard to implement on these architectures, because these sequences require
regular attention of the CPU (e.g. by using interrupts).
In order to solve these problems, an architect ure is proposed where a special processor
is used to carry out the animation tasks of a program. This processor is a generalization
of an ordinary display processor, since it also supports motions of graphical objects
(traditionally, display processors only deal with statie graphical objects). Therefore,
the name Generalized Display Processor3 is proposed for this new processor type.
Figure 2.3 contains a graphical representation of this architecture.

CPU

Generalized
Display
Processor 0

Graphics
Input
Devices
Figure 2.3: Generalized Display Processor 0 architecture
As can be seen in this figure, an architecture was chosen where a memory module
contains a description of the required animation sequence. Since this memory module
is a generalization of the traditional DL, it is called a Generalized Display List {GDL).
lt is used by the CPU to store the description of the animation that should be carried
out by the Generalized Display Processor 0. For this purpose, the CPU is linked
with the GDL by means of a unidirectional communication channel. The information
transferred from CPU to GDL is an animation specification in a forma! language: the
script-language of the Generalized Display Processor 0. Furthermore, the CPU should
be able to update the GDL, while the Generalized Display Processor 0 should react
1 In

this thesis this processor type is called Generalized Display Processor 0.

Cbapter 2. Generalized Display Processor

14

immediately to these changes in the GDL. Finally, graphics input devices, such as a
mouse, are coupled to the Generalized Display Processor 0 for direct manipulation
purposes.
In [Ov91] a (software) implementation - called Walt - of such a Generalized Display
Processor 0 is presented. Walt supports several motion specifications, e.g. (inverse)
kinematics, dynamics [Bar94], track recording [Nie92], and collision detection and
response [Kel93b]. A description of the latest version of Walt can be found in [Kel93a].

2.4

Generalized Display Processor 1 Architecture

At first sight, the Generalized Display Processor 0 architecture seems to be suitable
for implementation of the workspace of the DenK projectl.1, becanse:
• it supports autonomous behavior of animated objects
• it supports direct modificati0n of these objects;
• it supports direct manipulation of these objects.
However, there are still a few problems:
l. Due to the use of unidirectional communication channels from CPU to GDL and
from GDL to Generalized Display Processnr 0, inspE:ction of the status of these
objects is not possible.

2. The GDL supports the definition of moving objects, each with its own individual
motion specification (otherwise, the CDL would obstruct the universality of the
Generalized Display Processor 0). The GDL is thcrefore more complex than
an ordinary DL, which contains only objects of a pre-defined type (i.e. line
segments). Consequently, updating the GDL, necessary in direct modification,
may be a very tedious process (resulting, for every frame, in a complic:ited
analysis of the GDL by the Generalized Display Processor 0).
The first problem may be solved by introducing a communication channel from the
Generalized Display Processor t0 the CPU, provided the communication over this
channel is asynchronous (i.e. the Generalized Display Processor 0 does not have t.o
wait until the CPU is reaöy to receive information).
The second problem may be solved by placing the GDL inside the Geueralized Display Processor and introducing a direct communication channel from the CPU to the
Generalized Display Processor (as in raster-graphics with DP architecture). Again,
the communication over this channel - fragments in the script-language - should be
asynchronous (otherwise, the CPU would have to wait until the Generalized Dispiay
Processor is ready to receive these fragments) . In this architecture the Generalized
Display Processor does not have to analyze the GDL for every frame, hecause the
information normally stored in the separate GDL is naw contained by the Generalized Display Processor itself. This extended rrocessor is called Generalized Display
Processor 1 (Figure 2.4 contains a graphical representation).

2.4. Generalized Display Processor 1 Architecture
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Figure 2.4: Generalized Display Processor 1 architecture
Unfortunately, Walt is not based on this Generalized Display Processor 1 architecture,
for example Walt does not support:
• direct modification (i.e. Walt processes its GDL only once)
• inspection (i.e. Walt does not support interactive examination of its run-time
values)
Furthermore, Walt does not support addition of new functionality (it requires changes
to Walt's script-language, parser, and interpreter in order to add new functions).
Consequently, users have to deal with several implementation details of Walt when
they want to add special motions.
Upgrading Walt to an animation system that fully supports the Generalized Display
Processor 1 architecture (as required for the DenK project) would be very elaborate:
its script language, parser, and interpreter have to be changed drastically. Therefore,
we have chosen to design a completely new animation system based on the Generalized
Display Processor 1 architecture - this system is named GDP (an acronym of Generalized Display Processor) 2 - and an accompanying script-language with the name
LOOKS. Of course, the knowledge gained during the development of Walt can be
used in the design of the GDP. In this way, Walt serves as a precursor of the GDP; for
example, new algorithms for dynamics were implemented and tested in Walt [Bar94J
before they were ported to the GDP (as described in Section 6.9).
The issues involved in the design of the script-language Looks and the GDP itself are
discussed in Chapters 3 and 4 respectively.

2 To recapitulate: Gcncralized Display Processor 0 is the name of the processor type as described
in [Ov91], with Walt as one of its implementations; Generalized Display Processor 1 and GDP are
the names of the processor type and an implementation of this last processor type as described in
this thesis.
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Chapter 3
Design of Looks
3.1

Introduction

One of the most important aspects of the GDP is the language that is used by an
application 1 to control the G DP. Clearly, if it would be very hard - or even impossible
- to specify animations that should be carried out by the GDP, the usefulness of the
GDP would be very !imited. The design of an appropriate script-language is therefore
crucial in the development of the GDP. In Section 3.2 the requirements for the scriptlanguage are discussed. Section 3.3 introduces two useful concepts that facilitate the
fulfillment of these requirements: object-orientation and concurrency. Section 3.4
argues that existing languages are not very suitable to control the GDP. In Section 3.5
Looks is presented: the actual script-language of the GDP. The forma! specification
of the language Looks can be found in Appendix A.

3.2

Requirements

The first stage in the design of the script-language of the GDP is to investigate the
requirements the language should meet. Most of the requirements (numbers 4, 5, 6,
and 8 below) for the GDP script-language are based upon Horowitz's guidelines for
language design [Hor84] :
1. animation-oriented: the language should facilitate the development of anima-

tions.
2. universal: the language should support the universa! character of the GDP (i.e.
the array of applications of the GDP should be as diverse as possible).
3. concise: the language should support a programming style that results in concise
programs.
4. comprehensible: the language should consists of a limited set of simple constructs.
5. reliable: the language should facilitate the development of correct programs.
1 In the rest of this thesis programs applications.

running on the CPU -
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6. extensible: the language should allow the addition of new functionality to the
GDP.
7. interactive: the language shoul<l support the interactive character of the GDP
(especially, direct modification).
8. well-defined syntax and semantics: the language should be specified by a
mathematica! formalism, which acts as an intermediate between the implementor
and user of the language.
9. efficient: the language should allow for an efficient execution.

Requirement 1 is rather trivia!: since the GDP is an animation system, its scriptlanguage should facilitate the specifica.tion of animations.
Requirement 2 prohibits the use of rather specific primitives. Of course, it could be
argued that there is no problem in supplying too many primitives, especially since the
language is extensible (requirement 6). Unfortunately, such a language wi!l be quickly
unmanageable and does not therefore fulfill requirement 4.
For reasons of efficiency, concise programming should be encouraged (requirement 3).
Verbose programs are undesirable to control the GDP because both their transmission
(from application to GDP) and their interpretation (in the GDP) take long.
In order to increase the usefulness of the language it should contain a small set of simple
language constructs (requirement 4); otherwise, it wil! deter potential users. FurthP.rmore, a compact and comprehensible language facilitates the design of applir:ation
generators (i.e. programs that ease the development of applications by automatically
generating code in the GDP's script-language).
The usefulness of the language is also improved if it facilitates tlie design of correct
programs (requirement 5). For example, a language that is strongly typed guarantees
that programs will not produce errors due to type mismatches; programs written in a
weakly typed languages may produce such run-time errors (sirce these errors may be
dependent on the execution-order of the program, they may be very hard to find).
Most likely the functionality of the GDP will be extendP.d during the lifetime of the
GDP (i.e. the GDP will be developed incrementally). The script-language should be
able to support these extensions (requirement 6) - preferably with no changes to the
language.
Since the application and the GDP communicate interactively, thè application may
send either an entire script or scrirt-fragments. Immediately after receiving such
a fragment the GDP will start its execution. The script-language should therefore
support this kind of interactive corrmunication (requirement 7). For example, this
requirement makes it impossible to use the concept of a "main routine", found in
many - compiled - languages (like C and Pascal).
The language should be specified formally (requirement 8), because a specification in a
natura! language tends to be vague (e.g. it may contain ambiguities). Especially since
the designer, the implementor, and t 'ie user of the language will be different persons,
a sound interface - by means of a forma! specification - is necessary.
The language should also allow for an efficient execution, since interactive animations
are typically time-critica!.

3.3.
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Useful Concepts

To fulfill the above requirements two concepts are useful: object-orientation and concurrency, which are introduced in Sections 3.3.1 and 3.3.2, respectively. Some approaches that combine these concepts are presented in Section 3.3.3. Finally, Section
3.3.4 discusses how these concepts should be incorporated in the script-language of
the GDP.

3.3.1

Object-Orientation

In order to facilitate the development of simulation programs, Dahl and Nygaard
designed the simulation language Simula [DMN70]. This language first featured the
concept of a class, a combination of variables and operations. Classes can be considered
as implementations of abstract data types (although Simula does not contain language
constructs for hiding the internal structure of classes), and they define a set of possible
values. Furthermore, a new class may be defined as an extension of an existing class (in
object-oriented terminology this concept is known as {single} inheritance), and the new
class may redefine the operations it received from the existing class. In Simula, objects
are used as the entities in simulations. For example, in a simulation concerning queues,
a class may describe the data and behavior (operations) of customers, whereas objects
of this class act as individual customers in the simulation. Objects are referred to by
reference variables (pointers), and they may exist even if the scope of the reference
variable that was associated with the object during instantiation vanishes (indeed:
other reference variables could refer to this object). Reference variables are typed,
and may refer to objects of that type or to objects of types that are extensions of
that type. In the latter case, cal!ing an operation using the reference variable invokes
the operation as it is defined in the class of the extended object (which may be a
redefinition of the original operation; in object-oriented terminology this concept is
known as dynamic binding). The decoupling of the lifetime of an object and the
scope of reference variables is supported in Simula, because simulations often deal
with entities having independent lifetimes (e.g. one customer will enter the queue,
while another customer decides to leave). Since it would be very elaborate for the user
of Simula to keep track of the objects that are not referred to anymore (by reference
variables) in order to dispose these objects, Simula performs this task automatically
by means of a garbage collection mechanism.
The object-oriented concepts introduced in Simula (i.e. class, inheritance, object, and
dynamic binding), have been used in many languages aftcrwards, for example:
• Smalltalk [GR89] : Smalltalk is an untyped language and features an interactive

programming environment, containing a debugger, a class browser (a tool to
inspect classes), and an extensive library of pre-defined classes.
• Eiffel [Mey92] : Eiffel is a typed language and features, apart from single in-

heritance, multiple inheritance (a new class may be defined as an extension of
several existing classes) and assertions (pre- and post-conditions that are checked
at run-time, which facilitate the development of correct programs).

• C++ [Str91]: C++ is a typed, object-oriented extension of C (although it contains constructs that may violate strong typing). In contrast to the previous
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languages, c++ does not contain a garbage collector: the programmer is responsible for disposing the objects.

Computer animation is one of the fields of computing science lending itself perfectly for
object-oriented programming. Indeed, an intuitive match exists between the entities
in an animation and objects in an object-oriented system. This property has been
noticed by various researchers and as a result several animation systems exist that are
based on the object-oriented paradigm, e.g. ClockWorks [GB90] and Solar [CWC88].
As a result, the design of an animation is facilitated because the appearance and the
behavior of the characters in the animation can be specified as separate objects by
the animator - this approach mimics the traditional film making process where the
script contains a description of the characters in the film.
The concept of object-orientation seems therefore very useful for the script-language
of the GDP. Furthermore, some aspects of object-orientation help to fulfill the requirements of Section 3.2: (multiple) inheritance and dynamic binding may result in a concise programming style (requirement 3), and a library of pre-defined classes facilitates
the addition of new functionality to the GDP without changes to the script-language
(requirement 6).

3.3.2

Concurrency

Computers are traditionally based on the (sequentia!) Von Neumann machine. Languages that were developed to program these computers initially reflected this sequential execution mechanism (e.g. Fortran [ANS66], Pascal [Wir71], and C [KR78]).
Already in 1965 Dijkstra presented a solution to an (academie) problem based on
multiple cooperating sequentia! programs [Dij65], or processes as they are currently
called. Soon it was realized that many practical problems (especially in the field of operating systems) were easier to solve by using processes, because sequential solutions
would require very detailed information concerning the execution order of program
fragments. The development of programs that are based on processes is known as
concurrent programming. In the design of such programs two aspects are important:

• communication: information has to be passed from one process to another
• synchronization: cooperation of processes has to be regulated
Several mechanisms were developed to deal with these aspects of concurrent programming [And91], for example:
1. semaphore [Dij68]: a semaphore is an object 2 that has two methods, P() and

V(), and one (internal) non-negative counter. If a process invokes method P()
of a semaphore and the counter of this semaphore is positive, the counter is
decremented by one and the process continues; however, if the counter is zero,
the process will be delayed until the counter becomes positive (then the counter
is decremented and the process continues). If a process invokes method V() of a
semaphore the counter of this semaphore is incremented by one.
2 0bject-oriented terminology is used to ex plain the concept of a semaphore. Naturally, the original
explanation did use other terminology.
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2. conditional critical region [Hoa72, Bri72]: this mechanism consists of two parts:
resources and regions. A resource is a named collection of shared variables
to which mutually exclusive access is required. A region is a statement that
consists of a resource-name and a list of statements (that may use the variables
of the named resource). Regions that have the same resource-name are executed
mutually exclusive.
3. monitor [Hoa74]: a monitor is an abstract data-structure that consists of variables and operations (i.e. a monitor can be considered as an object). Due to
data-abstraction, processes may only execute the operations of a monitor. Since
a monitor may be shared between multiple processes, communication between
these processes can be provided by means of the variables of the monitor. Mutual
exclusive access of these variables is ensured by the requirement that operations
of a monitor cannot be executed simultaneously. Furthermore, synchronization
is achieved by means of semaphores.
4. asynchronous message passing [Bri70]: this mechanism is not based on shared
variables between processes (in contrast to the previous mechanisms), hut on
processes that communicate via channels (i.e. unbounded queues of messages)
by means of the statements send and receive. Sending a message (via a channel)
to another process does not black the sender. Executing a receive statement,
however, delays the process until a message is available on the channel.
5. synchronous message passing [Hoa78]: this mechanism, too, is based on processes
that communicate via channels. The send statement has a different semantics,
however: the sender process blocks until a receiver process is ready to accept
the message (consequently, a channel does not buffer messages). The receiver
process still blocks until a message is available on the channel.
6. (remote) procedure call [Bri78]: this mechanism is based on a data-structure
(a module) that contains (internal) variables and provides operations on these
variables. If a process invokes an operation of such a module, a new process is
created that performs the operation. Furthermore, a two-way communication
channel is introduced between the process that invokes the operation and the
newly created process. Finally, the caller process is delayed until the operation
is completed and the results (if any) of the operation are returned.
7. rendezvous [DoD83]: this mechanism is closely related to remote procedure calls.
However, a rendezvous does not create a new process to per form an operation,
but it uses an existing process that has indicated that it is willing to perform the
operation by means of an input statement. Thus it synchronizes two processes,
and is in this respect related to synchronous message passing.
These concurrency mechanisms may be implemented on a single-processor system
( multi-programming; processes are executed one at a time in an interleaved manner) or
on a multi-processor system (parallel programming) . Since the number of processes will
generally exceed the number of processors (especially on a single-processor system),
process-switching is necessary: the process that currently uscs a processor is delayed,
while another process starts to use the processor. Two strategics of process-switching
can be distinguished:
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1. implicit: process switching is outside the control of the processes themselves

2. explicit: process switching is performed at the request of the active process
In case of multi-programming these strategies are named pseudo-parallelism and quasiparallelism, respectively [Sch89].
Since animations may involve several simultaneous movements, the GDP's scriptlanguage should facilitate the specification of such movements. Otherwise, these animations could be specified only in a complex and verbose way, and the language would
not fulfill requirements 3 and 4. Cousequently, the GDP's script-languar;e should support at least one of the above concurrency mechanisms.

3.3.3

Combined Object-Orientation and Concurrency

Object-orientation and concurrency are two orthogonal concepts: objects may perform
their operations concurrently. Concurrency may be introduced in object-oriented systems in two distinct ways:
• inter-object concurrency: objects can perform operations concurrently, but each
object must perform at most one operation at a time, i.e. it can host one process
at a time.
• intra-object concurrency: objects can perform operations concurrently, and each
object can perform multiple operations simultaneously, i.e. it can host several
processes at a time.

Several mechanisms to merge the concepts of object-orientation and concurrency have
been proposed, for example:
1. Actors [AH87) which is based on asynchronous message passing (consequently,

it supports inter-object concurrency)
2. ConcurrentSmalltalk [Yak90] which extends standard Smalltalk with constructs
for asynchronous message passing, synchronization, and atomie objects (interobject concurrency).
3. POOL-T [Ame87] which is based on synchronous message passing and objects
that have autonomous behavior (i.e. each object starts its own process; interobject concurrency)
4. Scheduling Predicates [MWBD92] which presents a formalism to restrict interobject concurrency by means of predicates that specify for each operation when
it may be performed.
5. Smalltalk-80 [GR89] which is based on fork-statements (to create a new process),
remote procedure calls (intra-object concurrency), and semaphores.
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Combined Object-Orientation and Concurrency m the
GDP's script-language

As mentioned in Sections 3.3.l and 3.3.2, an animation can be considered as a collection of cooperating entities which can be mapped straightforwardly to a collection of
concurrently operating objects.
In order to successfully incorporate these concepts in the script-language of the GDP,
the following design issues are important:
1. The concurrency mechanism should support intra-object concurrency, because

entities in an animation may perform several operations concurrently (e.g. a
shape may be rotating and translating concurrently).
2. Asynchronous (remote) procedure calls seem a natura! way to introduce new processes: when an object (the sender) sends a message to another object (the receiver), a new process is started in which the receiver performs the requested operation, while in the original process the sender continues its own operation (note
that this introduces intra-object concurrency, because multiple asynchronous
procedure calls can be handled by an object simultaneously).
3. Process switching should be explicit, because some operations (e.g. rotations)
require more execution time than other operations (e.g. translations). Using implicit process switching may result therefore in a situation where simpte processes
wil! get relatively too much execution time compared to more complicated processes. This problem will be solved when the processes can indicate themselves
when process switching should occur.
4. Process switching should be fair; indeed, two (explicit) process switching policies
can be distinguished:
• locally decided : the current process (i.e. the process that explicitly demands a process switch) may be resumed at any relevant event in the future
(although every process should be resumed eventually, of course)
• globally decided: the current process may not be resumed until a certain
global event occurs.
The second option, i.e. global process switching, matches perfectly with computer animation, because in animation an intuitive global synchronization event
exists: the generation of a new frame. Furthermore, global process switching
prevents (by definition) the possibility that one process deprives another one.
5. The concurrency mechanism should be based on multi-programming (i.e. oneprocessor system), because a multi-processor system would require a dedicated
hardware architecture. However, if a single-processor version of the GDP is
successful, a version on a multi-processor may be considered.
Since the script-language of the GDP should support explicit process switching for
multi-programming, it supports quasi-parallelism [Sch89] .
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3 .4

Existing Languages

In this section we examine existing languages in order to determine whether they are
suitable as script-language of the GDP. For this purpose they should have the following
characteristics:
• meet the requirements of Section 3.2
• based on the concepts of Section 3.3
The languages that are examined can be classified in two categories:
1. animation script-languages

Among these languages are: Clockworks [GB90], ASAS [rt.ey82], Solar [CWCB8],
Cinemira [MTTF85], and Pinocchio [MP90].
The examined script-languages Jack the following three properties:
• suitability for direct modification
• extensibility with new functionality (e.g. new rendering primitives using
graphical hardware) without significant changes to the interpreter/compiler
• availability of a concurrency mechanism that is based on quasi-parallelism,
in combination with asynchronous procedure calls and global process switching
Furtherrnore, they also have other -

more individual - drawbacks:

• not object-oriented, but based on Lisp (ASAS) or Pascal (Cinemira)
• not universa!, but dedicated to the subset of anthropomorphic animations
(Pinocchio)
2. object-oriented programming languages
Among these languages are: C++, P-iffel, and Smalltalk.

The exarnined object-oriented languages have the following drawbacks:
• None of them contains a concurrency mechanism that is based on quasiparallelism, with asynchronous procedure calls and gloi>al process switching
(C++ and Eiffel do not support a concurrency mechanism at all).
• C++ and Eiffel are not suitable for the interactive character of the GDP
because they both contain a "main-routine" that cannot be changed interactively.
• C++ is not an elegant, simple, or compact programming language (some
of its fiaws are discussed in [Sak92]).
• Smalltalk is not strongly typed, resulting in programs that need run-time
checking and that may be hard to debug (i.e. Smalltalk violates requirements 9 and 5).
As shown above, using an existing language - either an animation script-language
or an object-oriented programing language - requires (radical) changes to its interpreter/compiler. It is therefore unwise, also with respect to maintainability, to use
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such a language as the script-language of the GDP. On the other hand, the other option, i.e. the design of a new language, may require more time. We have chosen for the
second option, because it will more likely result in a language that is best suited for
the GDP. The script-language that we have designed for the GDP is named LOOKS 3
(acronym of Language for Object-Oriented Kinematic Specifications).

3.5

Looks

In this section, the language concepts of Looks will be presented in some detail to

provide an operational introduction of Looks. This section is based on the assumption
that the reader has some knowledge of object-orientation 4 • Consequently, rather than
giving a generic discussion of the basic elements of object-orientation (e.g. inheritance,
dynamic binding, etc.) these are presented as Looks-ingredients. So, of all objectoriented notions, only the Looks versions are presented here.
This amounts to a bottom-up introduction of Looks, and it is not immediately obvious
that this set of Looks concepts is a valid realisation of the requirements and the
considerations of Sections 3.2-3.4 Therefore, after the introduction of Looks, Section
3.6 confronts in an a posteriori fashion the language concepts of Section 3.5 with these
requirements and considerations.

3.5.1

Language Aspects

Looks is the language that is used to send information from an application to the GDP.
This information can be split in (atomie) actions, consequently a Looks program can be
considered as a list of such actions (grammar rule 1). However, due to the interactive
character of the GDP these actions do not have to be sent together, but there may be
a delay between them.
1. <start>

::=

(

<action> ';' ) 6

Looks supports the following atomie actions:
• forward class declaration (grammar rule 2a, see page 28)
• class-definition (grammar rule 2b, see page 28)
• statement (grammar rule 2c, see page 47)
• reference-location declaration (grammar rule 2d, see page 27)
These atomie actions are explained in great detail in this section, but since in the field
of object-oriented programming currently no real consensus exists on the terminology,
all used terms are defined first.
Definition 3.1 : Attribute
An attribute is a variable that may contain data.
0
3 Looks

is a registered trademark in the Benelux (registration numbcr 511969).
book !Mey88) offers a genera! introduction to object-oricntation
x } denotes zero or more occurrcnccs of x.

4 The

5{
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Definition 3.2 : Method
A method is a generic term for an operation.
D

Definition 3.3 : Procedure
A procedure is a method that does not return data and that may change the
state of an object, i.e. the values of the object's attributes.
D

Definition 3.4 : Function
A function is a method that returns data.
D

It is a good programming practice that a function should not change the state of an
object.
Definition 3.5 : Object
An object is an entity that consists of a combination of zero or more attributes
(data) and zero or more methods (behavior).
D

Definition 3.6 : Feature
A feature of an object is either an attribute or a method.
D

Definition 3. 7 : Private Feature
A private feature of an object is a feature that may be used only by the methods
of that object.
D

Definition 3.8 : Public Feature
A public feature of an object is a feature that may be used by the methods of
that object, by methods of other objects, or by the application in an actionstatement6
D

Note that the definition of public feature allows that both attributes and methods
of a:n object may be public. In some other object-oriented languages, e.g. Smalltalk,
attributes may not be public. In these languages inspecting and updating an attribute
has to be done by means of methods.
Definition 3.9 : Message
A message, which is sent to an object, is a request to execute one of the methods
of that object.
D
6 An

action-statement is an action in the form of a statement - grammar rule 2c.
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A message to an object may be sent by other objects or it may be sent by an application
(by means of an action-statement) The application is unaware that the execution of
the requested method may involve messages to other objects as wel!.
To ease the definition of a collection of isomorphic objects, the concept of class is
introduced.
Definition 3.10 : Class
A class is a template that specifies the public and private features of isomorphic
objects.
D

Looks is strongly typed: types 7 have to be supplied for every attribute, method argument, and method result. This facilitates the development of correct programs: for
every feature that is used in a Looks program (e.g. in a statement), the GDP can
check at parse-time if the requested feature is provided by the concerning object. Furthermore, strong typing improves the speed of the GDP, since no type checking bas
to be performed at run-time.
In order to keep Looks as simple as possible, objects should always be created using
a class (even if the class will be used to create only one object). The objects that are
created this way are called the instances of the class. Furthermore, Looks is based
solely on object-orientation, including basic numerical values, logica! values, etc. This
facilitates a uniform syntax definition of Looks: no explicit rules are necessary for
these 'basic types' (indeed, the basic types are given as predefined basic classes).
To understand the semantics of Looks it is important to discriminate between an
object, an object-reference (i.e. a pointer to an object), and a reference-location (i.e.
a variable that may contain an object-reference). Note that multiple object-references
may refer to the same object (this property is known as aliasing), but that each
reference-location can contain only one object-reference. Due to the strong typing
of Looks, reference-locations are typed: they can contain only object-references to
objects of certain types. Grammar rule 2d contains the syntax for the declaration of
new reference-locations.
2d. <action>

..- 'OBJECT' 8 <identifierJisl> ':' < type>

28. <idenlifier Jist>

.. -

<identifier> 9

{

1

,

1

< identifier> }

Using the above terminology, the attributes of an object can be considered as referencelocations, resulting in a chain of objects that refer to each other. Moreover, the
basic values are provided as predefined objects and accompanying object-references
(in the remainder of this thesis they are named basic object and basic object-reference,
respectively). For example, basic object ONE is an instance of class integer, and is
referred to by the basic objcct-reference with name 1. Figure 3.11 shows a graphical
7 In this thesis the terms 'class' and 'type' denote the same concept and are used interchangeably.
The term 'class' sterns from the field of object-orientation, whereas the term ' type' has a long tradition
in computing science. The term 'type' is used in this thesis in order to be able to use traditional
nam es, e.g. 'strong typing' instead of 'strong classing'.
8 The keywords of Looks are case-independent.
9 The syntax of identifiers is includcd in Appendix B.
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representation 10 of these basic entities and it also shows the effect of the fragment
object i,j : integer; i:=l ;
Note that by default reference-locations are initialized by the null-reference.

Figure 3.11: Reference-locations, object-references, and objects
If subsequently fragment 'i:=i.plus(l);' is executed, another object-reference will be
stored in reference-location i (the new configuration is shown in Figure 3.12).

Figure 3.12: Reference-locations, object-references, and objects (cont'd)
As can be seen in grammar rule 2b, a dass-definition consists of a heading, inheritance specification (explained on page 33), declaration of features (page 31), and the
implementation of methods (page 32). Grammar rule 2a is used to deciare a new
class heading, without giving the other parts of the class definition. This forward
mechanism allows the specification of mutually dependent class-definitions.
2a. < action >
2b. < aclion >

"-

'FORWARD' < heading>
'CLASS' < heading> ['EXTERN AL' [ < identifier> ]] (<class.kind>

1
3. <heading>
4a. <class.kind>

.. -

< inherit..def> ( < declarations> ] 11 ( < implementation> ]
'ENDCLASS'
<identifier> [ '(' <identifierJist> ']']
'BASIC'

4b. <class.kind>

"-

'OBJECT' [ <identifier> J

Furthermore, a class-definition does not have to be given integrally, but it may be split
in several parts. The following states of a class-definition can be distinguished:
10 The

following graphicaJ conventions are used:

hoxes (thin edges) : reference-locations
arrows
: object-references
single edge
: null
circles
: o bjee ts
11 [

x ) denotes at most one occurrence of x.
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1. declared: the heading of the class is given by means of a forward declaration,

2. specified: the inheritance specification and declaration of features of the class are
given,
3. implemented: the methods of the class are implemented.
These states should be encountered in the above order, e.g. it is not possible to
implement a class before it is specified. Example 3.13 shows how split class-definitions
are used in the definition of mutually dependent class-definitions. The declaration and
implementation parts in this example wil! be explained later in this section.
Example 3.13 : Split class-definitions
forward Bi

Il class B ia declared 12
class A
public
b : B; // claaa B ia declared and 11ay thua be uoed
1 () : void;

endclasa;
Il cla11 A io opocified
claao B
public
a : A; Il claaa A ia apecified and 11ay thua b& uaed
gO : void;
lmplementation
gO : void;
begin
a.f() // class A ia apocified, thuo procedure 1 may be uaed
endi

endclass;
/ / class B ia implemented
claao A
implementation
f() :
void;
begin
b.g() // claao B is implemented, tbus procedure g 11ay be uaed
end;
endclassj
Il claos A is implemented
0

The heading starts with an <identifier> which gives the name of the new class. The
optional <identifier Jist> part in the heading is used to specify the forma! generic
types of the class (genericity will be discussed below ).
The external option after the heading in a class-definition is used to specify the name
of a library that should be linked during run-time (this concept is explained in Section
3.5.2). Grammar rule 4b is also used for run-time library linking: it specifies the name
of a compiled function in the newly linked library that returns a compiled object (again
this is elaborated in Section 3.5.2).
12 Looks

supports three kinds of comments (the first is restricted to one line):

1. // comment

2. { comment }
3.

/* comment * /
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Keyword basic in a class-definition is used to indicate the basic classes of Looks:
void, boolean, integer, real, char, and string. These classes are characterized by the fact
that all possible instances are present initially, and therefore no new instances can be
created later on. This keyword may only be used during the initialization of the GDP
(classes that are present initially are also specified by means of a Looks script); trying
to use keyword basic after initialization will result in an error. Example 3.14 shows
how this keyword is used in the initialization-script of the GDP to define basic class
integer.
Example 3.14 : Keyword basic
class integer
basic
public
plus (x
times (x

integer) : integer;
integer) : integer;

endclass;
0

To prevent the definition of several classes with similar structures, a class may be
defined generically. For instance, a generic list may be defined instead of defining a
lists of integers, shapes, cars, etc. A generic list could provide methods such as empty,
add, concatenate, etc.
Definition 3.15 : Generic Class
A generic class is a template for classes that have a similar structure, and only
differ in the type of their features.
0

To define a generic class, the forma! generic types are listed after the class name.
Forma! generic types are identifiers which may be used as a type in the class-definition.
When using a generic class, existing types (which will be called actual generic types)
have to be supplied for each forma! generic type. Since a generic class acts as a
template for classes, each generic class with actual generic types is a correct class (or
type). For example, generic class A[TJ is a template for the types A[SJ, for every type
S.
Grammar mie 29 specifies the syntax of types. The optional part in this rule denotes
the actual generic types that should be provided for each generic class.
29. < type>

::=

< identifier> [ '(' < type> { ',' < type> } ']']

Types are used at two distinct places in a Looks program:
• action level
At this level types are used to specify the kind of object-references that may be
stored in a reference-location (grammar rule 2d). The types that may be used at
this level consist of an existing class-name and, if required, actual generic types
(that are also constructed in this way). Of course the number of actual generic
types should equal the number of forma! generic types of a class.
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• class-definition level
Ina class-definition, the types of ancestors (related to inheritance, see page 33),
attributes, method-results, parameters, and local variables have to be specified
(due to the strong typing of Looks). The following types may be used:
1. forma! generic type

In a generic class, the forma! generic types may be used everywhere where
a type is required. When the formal generic types are replaced by actual
generic types, all occurrences of these forma! generic types in the classdefinition are updated autornatically.
2. class-name (plus actual generic types, if necessary)
If the class-name denotes a generic class, the actual generic types that have
to be provided should be types that are allowed in the class-definition (i.e.
one of the types in this list: 1 or 2). Note that the class-name may be the
name of the class that is currently being defined. Hence, recursive classes
may be defined. These classes can be very useful for modeling recursive
structures (e.g. chains, lists, and trees).
Example 3.16 shows how a forma! generic type may be used in a class-definition and
how actual generic types should be provided at action level.
Example 3.16 : Generic types
cla.88 A[T)
public
v

T;

11 for111al generic type T used as type of
Il attribute w (claa11- definition; case 1)

x

A[T);

/ / formal gener i c type T uaed aa actual
// generic type (claaa-definition; case 2)
11 for111al generic type T ueed ae type of

f (y:T) : void;

Il parameter y
g () : T;
implementation
f (y:T) : void;
var z:Ti

// formal generic type T uaed aa reault-type

11 formal generic type T ueed ae type of
11 local variable z

begin
end;

endclassi
object ai

A[integer];

Il type integer ueed as actual generic type
Il (action level)

object ab
object aai

.A[boolean] ;
A[A[integer]];

// type boolean uaed as a.c tua.l gener ic type
Il types integer and A(integer] uaed aa

/ / actual gener i c types
0

Grarnmar rules 11 , 12, and 13 specify the syntax for the declaration of the public and
private features of a class.
As rule 11 indicates: the order of public and private
features is not important.
l la.. < dedaration >

< public> 1 < private> J

lib. < decla ration >
12. < public>
13. < private>

< private> [ < public> J
.. .. -

' PUBLIC ' < attrs_or..methodhead > ( ';' < attrs_ounethodhead > }
'PRIVATE' < attrs _ounethodhead > ( ' ;' < attrs_ounelhodhead > }
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Grammar rule 15a specifies the syntax for the declaration of (public or private) attributes. The attribute-names of a class shculd be unique. As me11tioned previously,
due to the strong typing of Looks the type of the attriLutes has to be Epecified.
15a. <attrs_or .methodhead>

::= <idenlifier Ji•t> ':' <type>

Grammar rules 15b, 16, and 17 specify the syntax for the declaration of (public or private) methotis. A method-name may not be used as an attribute-name (and vice
versa), because feature-names are used in an inheritance definiticn to specify features
that should become public (inherita.nce is explained below). If a name could be used
both as method-name and attribute-name, the specification of public inherited features
would require special attention (especially when only ene of the features should become
public). However, method-names need not be unique: overloading of method-names is
allowed (when an overloaded method is calied, it depends on the types of the actual
param~ters which method is chosen, see page 45) .
15b. <attrs_or ..methodhead>
16. <form_paramJist>

.. .. -

17a. <param..kind>
17b. < param..kind>

.. .. -

<i<'.entifier> ' ( ' ( <form_pararnJist> J ')' ':' <type>
[ <pararn..kind> ) <identifier Jist> ':' <type>
{ ';' [ <param..kind> ] <identifierJist> ':' <type> )
'VAL'
'VAR'

As grammar rule 15b indicates: a m1>thod-heading consists of a name, forma! parameters, and a result-type (if this type is void the method is a procedure, otherwise it
is a function). Looks suppvrts two sorts of parameters (grammar riile 17): valueparameters (keyword: val) and var-paramet~rs (keyword: var), they pass objectreferences and reference-locations aE parameters, respectively. By default, a parameter
is a value-parameter.
Grammar rules 14, 18, 19, and 20 specify the syntax for the implementation part
of a class. Note that it is not necessary to implement methods: the keyword implementation may be used in isolation (thereby promoting the class to state 'implemented'). This option is useful to complete a class-definition, even when no methods
of this class wil! be implemented (this is convenient in case of inheritance, because
only implemented cltiSSes may serve as ancestors) .
14. <implementation>
18. <method_def>

19a. <method_def..rest>
19b. <method_def..rest>
20. <loc_variables>

"- 'IMPLEMENTATION' [ <method_def> { ';' < rtethod..def> }
.. - < prefix> < identifier>
[ '(' [ < form_pararnJist> J ')' ':' <type> )
<method..deLrest>
.. - ( <loc_.rariables> ) <block_.tatement>

J

.. - '#' [ <identifier>)
"- 'VAR' <identifierJist> ':' <type>
{ ';' <id•.ntifierJist> ':' < type> }

The implementation of a method (gn•mmai' rule 18) starts with the heading of the
method (this heading should match one of the declared public or pfr·ate methodheadings; however, it may also be the heading of an inherited method - hence the possible prefix - this wil! be explained later on in this section). Furthermore, if the methodnan:e is not overloaded, the parameters and result-type of the heading are optional.
Grammar rule 19b is used for run-time library linking: it specifies the name of
compiled code that should bt- executed when the Looks method is invoked (this
concept is explaineu in Section 3.5.2). Grammar rule 19a specifies how a metLodbody may be implemented in Looks. First, a method implementation may contain
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local variables (grammar rule 20), which should be unique and may not occur as
parameters of the method. Second, the body of the method is implemented as a
block-statement (the section that presents the statements of Looks starts on page
47). Finally, since the declaration and implementation of methods are always split,
mutually recursive methods are allowed.
On page 30 genericity was introduced: a mechanism to facilitate the definition of
isomorphic classes. However, genericity cannot be used to ease the definition of classes
that are extensions of each other. For this purpose Looks supports inheritance.
Definition 3.17 : lnheritance
Inheritance is a mechanism to define a new class (descendant) as an extension
of an existing class (direct ancestor).
D

This extension may be accomplished either by adding new features or by redefining
inherited methods.
The inheritance relation between a descendant and a direct ancestor is indicated as
follows: descendant --+ direct ancestor. Indirect ancestors of a descendant can be found
by means of the transitive closure of the inheritance relation ( 2. ). Direct and indirect
ancestors are commonly known as the ancestors of a descendant.
The inheritance relations between classes can be represented by means of an inheritance graph (definition 3.18).
Definition 3.18 : lnheritance graph
An inheritance graph of a class, say A, is a directed graph with:
• vertices: class A and its ancestors
• edges: inheritance relation between these classes
0

In the inheritance graph of a class A, the path from the root (i.e. class A) to an
ancestor is called an inheritance-path.
Three sorts of inheritance can be distinguished (in order of sophistication): single
inheritance, multiple inheritance, and repeated inheritance.
Definition 3.19 : Single Inheritance
Single inheritance requires that the inheritance graph of a new class is a chain.
0

Definition 3.20 : Multiple Inheritance
. Multiple inheritance requires that the inheritance graph of a new class is a tree.
0

Note that in case of multiple inheritance every ancestor is reachable by exactly one
inheri tance-path.
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Definition 3.21 : Repeated Inheritance
Multiple inheritance requires that the inheritance Graµh of a new class is acyclic:.
0

Note that in case of repeated inheritance an ancestor may be reachable b; severn.l
inheritance-paths.
Figure 3.22 contains a graphical representation of the three sorts of inheritance: single,
repeated, and multiple.
cla.<.• G ... endclass;
classH
inheritG;

clau A ... endc:IL<t.";

endclu.~;

class B
inheritA;

cla.'" D ." cndcla.<$;;

class 1
inheritG;

endclass;

class E ... endclass;

endclass;

c1... c
inherit B;

c1&.'-< F
inheri1 D,E;

cla"J
inherit H,I;

endcla.ss;

endclass;

endclass;

A

t

B

t

c

Single lnheritance

G

D

v

E

Multiple ~.1heritance

/\

H

v

1

J

Repeated Inheritance

Figure 3.22: Graphical repre<;entation of inheritance in Looks
However, inheritance is more than just an abbreviation mechanism: classes that have
an inheritance relation are related ( conforming) types.
Definition 3.23 : Conformance
Type B conforms to type A, if and only if:
• Class A is equal to class B, or
• Class A !s an ancestor of class B
0

In terms of an inheritance-graph the definition of conformance can be restated as
follows: type B conforms to type A, if - and only if - A is anode of B's inheritancegraph.
If type B conforms to type A all objectf of type B will have at least the same features
as objects of type A. Consequently, whenever objects of type /'\. are required in a
program, objects of type E may be used. Note that this does not violate the strong
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typing of Looks (indeed, strong typing requires that it is possible to check at parse-time
if a feature is provided by an object). Type conformance is the key to the powerful
mechanism of dynamic binding (page 53).
Looks supports the most powerful form of inheritance: repeated inheritance. Furthermore, the inheritance mechanism of Looks is based on the open+closed principle
[Mey88]:
• open: all (public and private) features of an ancestor are inherited be used - by the descendant

and may

• closed: only public features of an object may be used by other objects

By default, all inherited features of an ancestor will become private in the descendant.
This may be overruled by explicitly stating that an inherited feature should be public.
Consequently, all public features of the descendant are listed in its class-definition.
However, explicitly naming all public inherited features may hinder the conciseness
of a Looks program (requirement 3). Consequently, there is a conflict between clearness (i.e. explicitly naming public inherited features) and conciseness. Since the
estimated overhead of these explicit public inherited feature-names is small compared
to the rest of a class-definition, we have chosen to include them in order to obtain
'self-documenting' classes. Grammar rule 5 specifies the syntax of inheritance. The
inherited features that should become public in the descendant are listed between
parentheses after the type of the ancestor (grammar rules 5 and 6) .
5. <inherit..def:>

.. -

( 'INHERIT' <type> ( '(' ( <features> J ')' J
{ ','<type> ( '(' [ <features> ] ')' ] ) ]

6. <features>-

.. -

<feature> { ',' < feature> }

Syntactically there is no difference between multiple and repeated inheritance (the first
requires that every ancestor is reachable by exactly one inheritance-path, whereas the
latter has no such requirement). Looks requires that ancestors are implemented: thus
the situation that a class inherits from an ancestor before the methods of the ancestor
are implemented is not possible. In an interactive environment, as the GDP, this
would cause severe problems when objects of the descendant were used before the
implementation of the ancestor (namely, the inherited methods would not have been
implemented).
Example 3.24 shows a simple case of multiple inheritance: class C inherits all features
of class A and B. F\irthermore, public feature k of class A stays public in C, public
feat.ure 1 becomes private, private feature m becomes public, and private feature n
stays private. The features of class B are treated in a similar way. Finally, class C
contains five public features (i.e. k, m, p, r, x) and five private features (i.e. 1, n, q, s,
y). Note, that it is allowed that a descendant decides that an inherited private feature
(even an attribute) should become public. This is a result of the open-closed principle:
the descendant inherits all features and it may use these features without restrictions.
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Example 3.24

Multiple inheritance, public inherited feu.tures

claaa A
public
integer;

k,1 :

private
m,n :

integerj

lmplementation
endclasa:
claae B
public
p,q :
private

integer;

r,• : integer;
lmplementat ion
endcla.se;

claae C
lnherlt A(k,m) ,B(p,r)
Il C inherita all features of claaa A "nd B, vhere:
Il l's features k a.nd m become public, l and a. become private
Il B'a features p and r become public, q and a become private
public
x :

integer;

private
y : integer;
lmplementatlon
endclaao;
0

In Example 3.24 the features that are named in the inherited feature-lists are all
attribute-names. For method-names, however, things can become more complicated
since these names may be overloaded. Onlv specifying the method-name indicates that
all methods with this name become pubiic. If this is not intended, arguIIJ.ent-types
may be specified to indicate the methods that should ')ecome oublie. Grammar rules
7a, 8, 9, and 10 give the full syntax for features that should become public (the options
<prefix> and renam~ng - [ '>' <identifier>] - are explained later).
7a.
ll.
9.
10.

<feature>
<argumenttypes>
<type.list>
<prefix>

""""-

<prefix> <identifier> <argumenttypes> (
( '(' <type. 'ist> ')' ]
[<type> { ',' <type> } J
( <type> '1' J

'>' <identifier> ]

Example 3.25 shows how types may be used to ~elect an overloaded method. Ir this
example class B inherits 4 methods of class A: 3 methods stay public, but the metho<l
with name f that requires a boolean argument becomes private.
Furthermore, a descendant may provide new implementations for inherited methods
(i.e. redefinition of inherited methods), for example when these methods should use
features that are present in the descendant but not in the ancestor. This is denonstrated also in Example 3.25 where the redefined body of methorl g contains attribut€
i that is introduced in class B, and was not present in class A were the method was
first defined.
Example 3.25

Redefinition of inherited methods

ciao• A
public

t
t

(x

(x
g (x
g (x :

integer)
boolean)
integer)
boolean)

void
void
void
void
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lmplementation
g (x : integer)

void . . .

Il body..g.A

endcla&•i

cla.oa B
lnherit A(f(integer) ,g)
Il f(integer), g(integer), and g(boolean) atay public
Il f(boolean) becomea private
public
i : integer;
implementatlon
g (x : integer)
void
begin
Il body..g..B
i :• x
Il nov body of method g nov uaea attribute i of claaa B
end;

endclasa;
D

As mentioned previously, attribute-names should be unique in a class. Therefore a
problem occurs when two inherited attributes have the same name and should both
be public in the descendant. This problem may be solved if at least one of these
attributes is renamed. Example 3.26 demonstrates the renaming mechanism of Looks:
classes C and D inherit all features of classes A and B (that both contain an attribute
with name x); class C causes no problem since only A's attribute becomes public, in
class D, however, both attributes should be public, therefore renaming is necessary in
order to prevent a name conflict (B's attribute x is known in class Das y).
Example 3.26 : Renaming of inherited features
Suppose classes A and B are defined previously, and that these classes contain
a public attribute x.
clanC

lnherit A(x) ,B

Il no problem.:

B's x becomee private

endclass;
claaa D
inherit A(x) ,B(x>y)
// no problem: B' 1 x ia renamed to y

endclua;
D

The renaming mechanism of Looks may also be used to change the names of public
inherited methods (although methods will not cause naming conflicts: if two inherited
methods have the same name, and they should both become public in the descendant, they will form an overloaded public method in the descendant). Note that
renaming makes a feature public in a descendant.
Since private inherited features may not be used by other objects (due to the openclosed principle), there is no need to rename them explicitly as long as a unique
discrimination mechanism exists. For this purpose Looks supports prefixes: in a descendant the private inherited features of an ancestor should always be prefixed with
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the type of the ancestor 13 (a!though prefixes may also be used for public inherited
features). Although the concepts of prefixing and renaming are related, there is a difference: prefixing is used to uniquely iden~ify inherited features within a descendant,
whereas renaming is used te create unique names for public inherited featüres.
Example 3.27 demonstrates the prefixing mechanism of Looks: ir. class C prefixes are
used to access the private in~erited attributes of classe~ A and 8. Although these
attributes have the same name, the prefixe~ prevent a namr-confiict. This example
also shows that prefixes may be used to indicate that a private inherited feature in a
class (i.e. él.ttribute x that class C has inherited from class A) may become public and even renamed - in a descendant of that class (i.e. attribute A:x becomes public
in class D and is renamed toy). Note that in class D attribute y is also known as A:x
(even after renaming). However, ,.mtside the class this attribute is only known as y. In
the inheritance specificatioP. of class D prefix 'A:' is mandatory because 'inherit C(x)'
is impossible since class C does not contain a public or (own) private feature x.
Example 3.27 : Prefixing OJ inherited features
Suppose classes A and B are defined previously, and that these classrs contain
a public attribute x.
clall8 C
lnherit A, B
public
f

() :

void;

lmplementatlon
f

() :

void;

begin
l:z :" O;

Il &•a x becomea O

B : x : • 1;

Il 8'1 x beco1111 1

end
endclasa;
class D
inherlt C(A : x>y)
// C'• private inherited a.ttribute A.:x become11 public and ia renamed to y
public
x :
f

integerj
void;

() :

lmplementatlon

t () :

void;

begin
A:x :• Oi// J. 1 a 1. (• D 1 a y) becomea 0
B:x :• 1i// B's :r: becomea 1
x

:11

2;

'I :• 3;

Il D 1 1 1. becomeJ 2
Il D'a y (a A's x~ becoaea 3

end
endcJaa•
0

A class inherits t.he features of an ar.cestor only once.
By default, the first time a
class is encountered as an ancestor (either directly if it occurs in the list of inherited types, or indirectly as ancestor of one of these types), its features - including method-bodies - are in1.erited by the descendant. However, to overrule this
default sclection (i.e. when the descendant, say C (Figure 3.29), shoukl. inherit a
-.nethod of a repeatedly inherited ancestor, say A, that is redefined in a class, say
8, that occurs in another inheritance-path), the same mechanism may be used that
13 ln principle also the actual generic types (if any) of an ahcestor have to be provided; h.owever, if
the descenèant has inherited from the ancestor in a unique way, :.he ancef: or-name may be used as
prefix.
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also overrules the private nature of inherited features. Consequently, when a name
of an inherited feature occurs after a type in an inheritance-specification, the feature
will become public in the descendant, and if the feature is a method, the descendant will use the method-body of that type. This allows for a very fiexible specification of repeated inheritance: for every repeatedly inherited method it can be
specified which method-body should be chosen in the descendant (indeed, there may
be several implementations of this method in the various inheritance-paths). Consequently, features may be used only once in an inheritance specification (trying to rename a feature in order to get around this condition will not succeed). The mechanism
to overrule the default selection of method-bodies is shown in Example 3.28.
Example 3.28 : Overruling default inherited public method-body
class A

public
f () :

void;

g () : void;
lmplementatlon
f ()

g () :

void
void . . .

Il body_f...A
11 body-8...A

endclaas:
claee B
lnherit A(f>h.g)
Il i.nherited feature f ia renamed to h
implementation
!:f () :

g () :
endclaaa;

void .. . // bodyJ..B, note:
void . . . 11 body..g-11

'A:f' and 'h• denote the sa.me method

claee C
inherit .l(f) ,B(g)
Il first C inherite all features of class A, thua
Il • (public) .l:f bas body body..f...A

Il
Il
Il
Il
Il
Il

• (private) A: g bas body body..g...A
then C inherita all features of claaa 8, and indirectly a.ga.in of claae A
(ai.nee features can be inberited only once, no nev featurea are inherited) .
Bovever, one of the defaulta ia overruled. reeulting in the following aitua.tion:
• (public) A:f ba• body body..f...A
• (public) A:g bao body body..g-11

endclaas
clasa D

lnherit A(f) ,B(h)
// Illegal: feature f of class ' ud feature h of class ·e denote the sa.me feature
endclaaa
D

Figure 3.29: Inheritance-graph of the previous example
Note that in the previous example overruling the default implementation of a repeatedly inherited method has the side-effect that the method becomes public in the
descendant (in class C the default implementation of (repeatedly) inherited method g
is overruled by explicitly naming this method after type B, thus making this method
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public in class C) . Clearly, this is an unwanted situation if the method should remain
- or become - private in the descendant. Therefore, extra syntax is needed to indicate the private status of a method in a descendant: the name of such a method is
placed between brackets (gram mar rule 7b).
7b. < feature>

::=

'I' < prefix >

< identifier> < argumenttypes> ']'

Example 3.30 shows how the default implementation of a private inherited method
may be overruled.
Example 3.30 : Overruling default inherited private method-body
Suppose classes A and B are defined as in example 3.28
class C
lnherlt A(f)

,eqgp

Il first C inherita all features of c laaa A, thua

Il • (public) A:f baa body body-1..A
Il • (private) A: g bas body body_g..A
Il
Il
Il
Il
Il

then C inherita all features of class B, and indirectly a.gain of class A
(eince features can be inherited only once, no nev features are inherited).
Hovever, one of the defaulta ia overruled, reaulting in the folloving aituation:
• (public) A:f bas body body-1..A
• (private) A:g hae body body_g..B
eridclll.la
0

As explained above, the implementation of a method-body consists of a statement.
Furthermore, statements can be used as actions in a script. In the rest of this section,
the statements of Looks and their constituent expressions are introduced.
Definition 3.31 : Expression
An expression is a construction that evaluates to a reference-location or to an
object-reference.
0

Basically, six kinds of expressions exist (grammar rule 23): null expression, self expression, (basic) object-reference expression, reference-location expression, message
expression, and comparison expression.
Definition 3.32 : Null-expression
The null expression is an expression that evaluates to the special null objectreference.
0

This null object-reference may be used, for example, to specify that a reference-location
does not contain a reference to an existing object (initially, all reference-locations
contain the null object-reference).
23a. <expressio n >

::=

'NULL'

The null expression is the only expression in Looks that conforms to every type. In
theory, such a null object-reference should be present for every type in order to obey
Looks' strong typing rules. Since this would be very elaborate, the typing rules of
Looks are relaxed in this respect. This is illustrated in Example 3.33 where in the first
assignment statement the null object-reference conforms to type A and in the second
assignment to type B (actually, the assignments in this example will not change the
contents of reference-locations a and b because reference-locations are automatically
initialized with the null object-reference).
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Example 3.33 : Con/ormance of null
Suppose classes A and B are defined previously.
object a : A;
object b : B;
a :• null; // null conforme to A
b : • null: // null conform• to B
0

Definition 3.34 : Self-expression
The self expression is an expression that evaluates to an object-reference that
refers to the object in whose method-body this expression occurs.
0

Of course, a public message, i.e. a message requesting the execution of a public
method, may be sent to this object, or its public attributes may be accessed (this may
result in a new object-reference, such as in 'self.x'). The self expression is illustrated
in Example 3.35, where it is used in a method to implement the doubling of a list.
23b. < expression>
26. < expression.Jest>

27. <acLparamJist>

"- 'SELF' < expression_rest>
" - { ' .' < identifier> [ '(' <acLparamJist> ')') }
"- [ <expression> { ',' <expression> } J

Self expressions may occur only in method-bodies, because then it is clear to which
object they refer. Consequently, when they occur in action-statements, a syntax error
will be generated. Note that the self expression does not evaluate to a referencelocation, therefore it may not occur on the left-hand side of an assignment statement,
i.e. 'self := . .. ' is not allowed.
Example 3.35 : Self expression
class liet
public
concat (x : list)
double () : list;
private
z : integer;

list i

implementation
double () : list
begin
result(self. concat(selO)
endi
endclasa;
0

Note that after self only public features are allowed, therefore using 'self.z' in example
3.35 is not allowed .
Definition 3.36 : Basic object-reference expression
A basic object-reference expression is an expression that evaluates to an objectreference that refers to an object of a basic type.
D
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Again, a message may be sent to this object (this may result in a reference to another
object). Note that objects of basic types do not have attributes. The following basic
object-references can be supposed to be pre-defined in Looks (see also Section 6.2.1):
• integer

e.g. 0, -1, 1 (rule 24a)

• real

e.g. 0.0, -3.14, 2.72e-5 (rule 24a)

• cha;acter: e.g. 'a', '&', 'O' (rule 24b)
•string

e.g."", "a", "abc" (rule 24c)

• boolean

true, false (rule 24d)

Definition 3.37 : Reference-location expression
A reference-location expression is an expression that evaluates to a referencelocation, which contains a reforence to an object.
D

Again, a message may be sent to this object, or its public attributes may be accessed
(this may result in a new object-reference). R~ference-locations are identified by means
of a name (rule 24d). However, the names true and false may not be used as referencelocations, since they are used as basic object-references of basic type boolean. The
following kinds of reference-locations exist:
• object reference-location (no prefix)
• attribute (prefix may be used to identify an inherited, private attribute, see
Example 3.2?)
~

parameter (no prefix)

• local variable (no prefix)
The following grammar rules specify the syntax of reference-location expressions:
23c. <expression>

.. -

24a.. <expression_begin>

.. - ( '+' 1 '-' J <number> ( <realresl> J

:Mb. <expression_begin>
24c. <expression_begin>
~-

<expression_begin>
26. <expr~ion.-.rest>
27. <a.ct-para.mJisl>

.. "-

.. .. -

<expression_beg:in> <expresrion_rest>

''' <chara.cter> '''
1
1
''
{
<character> } '"'
<anceslor> <prefix> <identifier> ( '(' <acLparamJist> ')')
{ '.' <idenlifier> [ '(' <acLpara.mJist> ')') }
( <expression> t ',' <expression> } J

In Example 3.38 object refererce locations appear on the left-hand side of an assignmen~, and basic object-references appear on the right-hand sidt.
Exampl~

3.38 : Reference-locations

object i :
object r :
object c :
object a :
object b :
i :• O;
r :• 0.0;
c :• 'a';
a :• "a.bc":
b :• true;
D

integer;
real:
cha..ra.cter;
string:
boolean;
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In order to prevent name clashes the following rules must be obeyed:
1. object reference-locations should be unique

2. attributes should be unique within a class
3. parameters and local variables should be unique within a method
However, this does not disallow a name to be used as object reference-location, attribute, and parameter, simultaneously. In this case, the above scope rules are translated into priori ties (with parameter as highest priority). The rationale for this decision
is the relation between reference-location and method-body, where the name is used:
parameters and local variables are more related to the method-body than attributes
and object reference-locations, attributes are more related to the method-body than
object reference-locations. This principle is illustrated in Example 3.39.
Example 3.39 : Scope-rules
object i.j .lr. : integer;
class A
public
i,j : integer;
g (i : integer)
void;
implementation
g (i : integer)
void;
begin
i :• O; // parameter
j :• O; Il &ttributo
k :• Oi // object reference-location
end:

endclasa;
0

Definition 3.40 : Message expression
A message expression is an expression that evaluates to an object-reference that
is the result of the invoked method.
0

If the result-type of the method is void, the object-reference is null; otherwise, it
refers to an object. As in the previous cases, a message may be sent to this object,
or its public attributes may be accessed (this may result in a new object-reference).
The message expression is illustrated in Example 3.41, which is a modified version of
Example 3.35 (i.e. in Example 3.41 method concat has become private in class list, and
inheritance of this class is used to show how a prefix may be used to send a message to
this inherited, private method - to recall: prefixes are used to access inherited, private
features). The optional ancestor-part may be used to invoke the original method-body
of an ancestor (this is necessary in case the descendant redefines the method as an
extension of the original; this concept is demonstrated in Example 3.42). The following
grammar rules specify the syntax of message expressions:
23c. <expression >
24d. <expressio n_begin >

.. .. -

< expression_begin > <expression..re.st>
< a.ncestor >< prefix > < identifier > 1 "(' <acLpa.rarnJist > ')' J

25. < ancest or >

"- 1< type >

26. <expression_rest >

.. -

27. < act.para.mJist >

.. -

'::' J
{ '.' < identifier> 1 '(' <a.cLpara.mJist > ')' J }
1 <expression> { ',' <expression> } J
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The message expression and the self expression are related: self expression 'self.f() . .. '
may be written as message expression 'f() . .. '. However, the reverse does not hold: if
g is a private method, 'g() ... ' is a correct message expression, but 'self.g() ... ' is not
a correct sclf expression (indeed, according to the definition of self expressions only
the public features of the object that is referred to by self may be used) .
Message expressions m.ay occur only in method-bodies, because then it is clea.r to
which object they are sent, i.e. the object that is referred to by self. Consequently,
when they occur in action-statements, a syntax error wil! be generated. Note ti.J.at
the message expression does not evz.luate toa reference-location, therefore it may not
occur on the left-hand side of an assignment statement, i.e. 'concat() .' is not
allowed.
Example 3.41

Message expression

claaa liat
private
concat (:r.

li•t)

liat;

endclau;
clua ay-1iat
inherit lia t ()
public
doubl• () : Het;
implementation
double () : li at
begin
result(li1t: concat (oelfl)
/ / ••lf ia uaed a1 value pa.raaeter ~t f~ction conca.t
Il the reeul t ot function double ie the concatenatioio
Il of aelf vitb iteelf
end;
endclaa11;
D

As explained previously, a descendant may redefine an inherited method. However,
when the descendant wants to extend the inherited method, it needs to have access
to the original method-body. For this purpose Looks supports an 'ancestor', which
consists of an ancestor-type and two colons (grarnmar rule 25). This ancestor specifies
the class whose method should be invoked. Although the coucepts of prefix and
ancestor are related, there is a fundamental difference between them: the former is
used to indicate a private inheritcd feature in a descendant, whereas the Jatter is used
to indicate original methods of an anc·~stor. Example 3.42 demonstrates how ancestors
may be used. This example also shows that an ancestor and a prefix may be combined:
' B::A:f(}' indicates the execution of the method 'A:f()' as it is implemented in cl'lSS B;
prefix 'A:' is required since method fis a private inherited feature in class B.
Examp;e 3.42 : Ancestors and prefixes in expre$sions
claea A
ó>Ublic
f () : void;
lmplemer.tation
f () : void ... // body!

endclua ;
claaa B
inherit A()
lmplementation
A: f () : void .. . // body2

endclaaa;
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class C
i.Dherit 8()

public
g () : void;
lmplementation
&:f () :

g () :
begin

void ... // body3
void

Il prefix : bodyJ is executed
Il anceetor: bodyl is axacuted
Il anceotor + prefix: body2 is executed
Il e :·:f() cannot be uaed, aince t ia a private, inheri ted feature in 8

&: f() ;
&:: f() ;
8 : : A: f();
end;

endclaaa;
0

If the definition of a method contains forma! parameters, the message has to supply the
actual parameters (in Example 3.41 argument self was used) . For value-parameters
the types of the forma! and actual parameters do not have to be identical: it is sufficient if the type of the actual parameter conforms to the type of the forma! parameter
(cases 1 and 2 in Example 3.43).
If the forma! parameter is a var-parameter, however, the corresponding actual parameter should evaluate to a reference-location and it should have the same type as
the forma! parameter. This is illustrated in case 3 in Example 3.43, where statement
'd.f2{i)' is just another way of writing 'i := 1.0'.
Basic object-references may not be used as actual var-parameters because these parameters should be reference-locations. This is illustrated in case 4 in Example 3.43,
where statement 'd.f2(0.0}' is just another way of writing '0.0 := 1.0'.

Example 3.43 : Typing rules
claaa d - J
public
f1 (x : real) : void;
f2 (var x : real) : void ;

implementation
f2 (var x :

real)

void;

begin
x :• 1.0;
end;
endclasa;
object d

dummy;

object i
object r

real;

d.fl(O);

Il case 1 :

d.f2(r);
d.f2(i);
d.f2(0.0);

/ / case 2 :
// caee 3:

correct (note: integer conform.& to real)
correct
not correct, becauae i doee not have tyP4t real

Il case 4:

not correct, becauae 0.0 ia no reference-location

int"eger;

0

Since method-names may be overloaded, and the types of actual value parameters do
not have to equal the types of the corresponding forma! value parameters (they only
have to conform), there may be several method-headings that may qualify fora given
message. The following rules are used to decide which method to choose (in order of
importance):
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1. direct hit: if the types of the arguments of the message equal the forma! parame-

ter-types of exactly one method, that method will be chosen.
2. matching types: if the types of the arguments of the message conform to the
forma! parameter-types of exactly one method, that methoà will be chosen.
3. failure: no method will be chosen, otherwise.
Note that a direct hit does not imply that other methods do not match the message
too. But since the direct hit is detected first, these (other) matching methods will
not be taken into consideration. Example 3.44 shows how these rules are used to
determine which method should be selected for a given message. It might be arguoo
that for case 5 in this example heading 2 is a 'better' match than heading 1 and that
therdore heading 2 should be chosen. However, case 6 demonstrates that it is not
always possible to indicate a 'bef:t' match. Therefore, if therc is no unique match, a
failure occurs.
F\J.rthermore, the method is selected on the types of the reference-loc&.tions, not on
the types of the objects that their object-references refer to during run-time. This
facilitates a selection at compile-time, whereas using the types of objects a selection
at run-time is required (this run-time selectiol! is used in, for example, Smalltalk).
Naturally, run-time method selection would harm the speed of the GDP. This situation is demonstrated in case 7 of Example 3.44.
Example 3.44 : Overloading
Suppose the following classes are defined previously:
class A,
classes B and C that have inheritcd from class A, and
class D that has inherited from classes B and C
(i.e. similar to the case of repeated inheritance in Figure 3.22)
clau dWllllly
public

t (z :
t (z :
t (z :
endclan;
object a :
cba.f(a,a);
cba.f(a,c);
cba.f(b,c);
cba.f(a,d);
cba.f(b,d);
cba.f(d,d);

C) : void; Il headillg 1
C) : void; Il he~ing 2
B) : void; Il heading 3

l; y :
B; y :
C; y :

l; object b :

Il
Il
Il
Il
Il
Il

cue 1 :
caoe 2 :
caae 3:
caae 4:
caee S:

IJ

C•.le

6:

Il
a :•bi
ca.f(a,c);

a

Il caae 7:
Il
Il

B; object c :

C; object d :

D; object dll: :

dummy;

failure, no direct hit, no match
direct hit (hoading 1), Do match
direct hit (headillg 2), aatch (heading 1)
match (heading 1)

failure, no direct hit,
.2 utchH (hoading1 1 and 2)
failure, 1ao direct hit,
3 match•• (headiDga 1, 2, and 3)
direct hit (headiDg 1), Do "atch

heading 2 ia not choaen, although a containa
• ref11rencfll to u object of type 8

Definition 3.45 : Comp:irison E:Xpression
A ccmparison expression consists of two expressions and evaluates to a reference
to the boolean obj:!ct TRUE if these expressions evaluate to referênces to the
same object; it evaluates to a reference to the object FALSE, otherwise.
0
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In other words, by means of a comparison expression it is possible to detect aliasing.
Of course, a message may be sent to the boolean object that is referred to by the
returned object-reference. This is illustrated in Example 3.46 where reference-location
eq3 will contain a reference to the boolean object TRUE, if (and only if) referencelocations al and bl contain references to the same object and reference-location a2
contains the null object-reference. Note that in this example reference-Jocations al and
bl have different types. The following grammar rules specify the syntax of comparison
expressions:
23d. <expression>
26. <expression..rest>
27. <act_para.mJist>

•• -

.. .. -

(1 <expression> '=' <expression>
<expression..rest>
{ '.' <idenlifier> [ '(' <acLpara.mJist> ')' J)
[ <expression> { ',' <expression> ) J
1

1

)

1

Although a comparison-function may be defined in a class, the result of this function
may not be the same as the comparison expression. This, too, is illustrated in Example
3.46 where class A contains such a comparison-function (i.e. the function equal). If al
and a2 contain references to the same object, both the comparison expression and the
comparison-function return a reference to the boolean object TRUE. However, if they
refer to different objects whose attributes have the same value, the comparison expression and the comparison-function return a reference to the boolean objects FALSE
and TRUE, respectively. Thus, '(al=a2)' implies 'al.equal(a2)', but not vice versa.
Example 3.46 : Comparison expression
class l
public
x : integeri
equal (a : A) : boolean;
lmplementation
equal (a : A) : booloan
begin
reault((x•a.x)) Il true if the argument hu the same attribute
end
endclase;
daas B
lnherit A(x,equal)
Il inherite all features of class A, but doea not redefine function equal
lmplementation
endclaea;
object eq1 , oq2,eq3 : boolean;
object a1,a2
A;
object b1
B;
new(a1); new(a2); new(b1);
/ / create nev objecta and atore referencea in a1, a2, a.nd a3
a1.x:•O; a2.:r.:=O; b1.x:•O;

eq1 : • (a1•a2) ;
eq2 :• a1.equal(a2);
al :• bl;

a2 :• null;
eq3 :• (a1•b1).and((a2•nuli));
D

Il
Il
11
11

fal1e 1 becauee a.1 and a.2 do not reler to the eame object
true, bi!tcau1e the x attribute of both object• ie 0
al a.nd bl nov refer to the aame object
a.2 nov containa the null object-reference

Il true

Tab Ie 3.4 7 summarizes the characteristics of the various expressions in Looks: the
ability of beginning with a prefix and the kind of value it returns (reference-location
or object-reference).
Definition 3.48 : Statement
A statement is a construction to control the flow of a program or to change the
value of a reference-location.
0
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Expression
null expression
self expression
basic object-reference
object
attribute
parameter
local variab~e
message expression
comparison expression

Prefix

Re'erence-location

J
J

0 b j ect-referencc

J
J
J
J

J
J
J

J
J

Table 3.47: Summary of expressions
Thus, statements are the building blocks to imple!llent the algorithms that specify the
behavior of an animation. They may occur as an action-statement (grammar :i:ule 2c)
or in the body of a method (grammar rules 14, 18, and 19a). The former i3 generally
used to :;tart or to stop the movement of an object, whereas tLe latter is generally
used to implement the movement of objects.
2c. <action>
14. <implementatio~. >

.. -

<stateml'nt>

.. -

'IMPLEMENTATION'
[ <method..def> { ';' <met.hod..def> } J

18. <metbod..def>

.. -

<prefix> <identifier>
[ '(' [ <form.paramJis'.> ] ')' ':' <type> J
<method..def..r..,at>
[ <loc_varia.bles> J <block.Bta.tement>

19a. <melhod..def..resl>

.. -

As defined by grammar rule 19a, statements can be grouped in a block-statement:
22. <block.Blatemenl>
2lk. <statement>

.. -

'B.E GIN' <statement> { ·,• <statement> ) 'END'

::= <block-9tatement>

Intuitively, the statements that are contained in a block-~tatement are executed in the
same order in which they occur in the block-statement. Gramm:u rule 21k specifies
that a block-stater,ient may be used whenever an 'or<linary' E:tatemel!.t is expected.
Apart from the block-statement Looks contains ter:. statements: empty, result, allocatioli, assignment, repetition, selection, syncl:.ronous message, checked assignmP.nt,
asynchronous message, and synchroniw.
Definition 3.49 : Empty Statement
The empty statement specifies that neither the control flow nor a referencelocation is cha'lged.
0

The empty stat.ement is included to facilitate the definition of empty method-bvdies.
Grammar rule 21a specifies the syntax of the empty statement:
21a. <slate1.1ent>
14 e

::=

El4

öenotes the empty production rule and is not an element of the language.
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Example 3.50 shows how an empty statement may be used to implement an empty
method-body. Furthermore, this example shows that empty statements allow for multiple semicolons to be used successively (i.e. without generating a syntax error).
Example 3.50 : Empty statement
clan &

lmplementat ion
f () :

void;

begin

Il empty etatement
end:
endclua;
; ; // tvo empty etatem.ents
0

Definition 3.51 : Result statement
A result statement returns values (i.e. object-references) from the body of a
method to the caller of that method.
0

A method-body may contain several result statements, but only the result of the result statement that is evaluated last will be returned (i.e. the execution of a methodbody does not terminate when a result statement has been encountered; in this respect
the result statements differs from 'return' as found in c++ ). Furthermore, in order
to obey the strong typing mies of Looks the type of the returned value has to conform
to the result-type of the function (i.e. they do not have to be equal). Grammar rule
21d specifies the syntax of a result statement:
2ld. <statement>

::=

'RESULT' '(' <expression > ')'

Example 3.52 shows how a result statement is used in method zero of class A to return
an object-reference to the integer object that represents value 0. Note that in this
example the first result statement is overruled by a second, and final, one.
Example 3.52 : Resu.lt statement
class A

lmplementation
z•ro () : real;
begin
reault(l.O) ;
reault(O)
end;

Il vill be overruled
// function returns integer 0 (vhich conforu to real)

endclassj
0

Definition 3.53 : Allocation statement 15
An allocation statement creates a new object and stores a reference to this
object in a reference-location
0
15 Note that Looks does not contain a statement to dispose allocated objects: all allocated 'unreferenced' objects (i.e. no object-reference refers to these objects) are automatica!Jy disposed by a
garbage collection mechanism (see Section 3.5.2).
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However, since initially all obje< ts of basic classes are present, no new objects of these
classes can be created (trying to do so, will store a null reference in the corresponding
reference-location) . Grammar rule 21~ specifies the syntax of an allocat:on statement:
21c. <atatemenL>

::= 'NEW' '(' <expression> ')'

Example 3.54 shows several (mis-)uses of allocation statements:
• case 1 is not allowed 0 is not a reference-location (0 is a basic object-referencc),
• t,ase 2 is al:owed; bccause r..o new objects of basic class integer can be created,
null ii:: st,ored at reference-location i,
• case 3 is allowed and creates a new object of class A and stores a reference to
this object in reference-location a,
• case 4 is not allowed because the eva~·1ation of 'a.f()' returns an object-refcrence
(instead of a reference-location .'\S required by the alloc~.tion statement).
Example 3.54 : Allocation
class .l
public

t ()

A;

endc•as•;

object a :
object i

.l;

integer ;

new(O);
Il
new(i);
Il
oew(a);
Il
r.ew(a.f());//

cue
caH
cue
case

1:
2:
3:
4:

not alloued
alloued; ato:ea null at i
alloved
not alloved

0

Pefinition 3.55 : Assignmcnt statement
An assignment statement st.Jres an object-reference in a refere"lce-location.
0

An assignment statement contains two expressions: the left-hand expression should
evaluate to a refarence-location, the right-hand e::-:pression should evaluate eithP,r to a
reference-location or to an object-reference. Due to the strong typing of Looks, the
types of these expressions should be related: the type of the right-hand expression
should conform to the type of the left-hand expression. Grammar rule :llg specifies
the syntaY. of an assignment statement:
211<. <slalement>

::=

< expressîon> ':=' < expression>

The assignment statement is evaluated as follows: first, the left-haud expression is
evaluated; second, the right-hand expression is evaluated; finally, the object-reference
of the right-hand expression (or in case this expression eva!u?tes to a reference-location:
the object-reference stored in t!J.is location) is copied to the reference-location of the
left-har d ex pression.
Example 3.56 shows several (mis-)uses of assignment-statements:
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• case 1 is not allowed because 0 is a (basic) object-reference,
• case 2 is allowed and stores a reference to integer object THREE in referencelocation i.
• case 3 is not allowed because reference-location i can only contain references
to objects of class integer or descendants of integer (note that class integer has
inherited from class real, and not vice versa),
• case 4 is allowed and stores a reference to integer object THREE in referencelocation r (note that this reference-location may contain references to real objects,
but because class integer has inherited from class real this reference-location may
also contain references to integer objects),
• case 5 is not allowed because expression 'O.plus(3)' does not evaluate to a reference-location (as explained previously, this expression does evaluate to an objectreference).
Example 3.56 : Assignment
object i :
object r :

integer;
real i

0 :• 3;
i :• 3;
1 :• 3.0;
r :• 3i
O. plua(3) :• i:

Il case 1:
Il caae 2:
Il caae 3:
Il case 4:
Il case 5:

not alloved
alloved
not alloved
alloved

not alloved

0

Definition 3.57 : Repetition statement
A repetition statement executes another statement repetitively.
D

The number of times this other statement is executed is determined by an expression
that evaluates toa boolean value (as long as the expression yields true the statement
is executed). Grammar rule 2li specifies the syntax of a repetition statement:
21i. <statement>

::=

'WHILE' <expression> 'DO' <statement>

In Example 3.58 a repetition statement is used to execute the assignment statement

'i:=i.plus(l )' ten times.
Example 3.58 : Repetition
object i :
i:•Oï

integer:

white 1.lt(IO) do i : •i.plus(I);
0

Definition 3.59 : Selection statement
A selection statement makes a choice between two statements according to a
boolean expression.
D
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If tht expression yields true the first statement is executed, otherwise the second
statement is executed. The second statement is optional, however. If it is omitted
and the expression yields false, the evaluation of the selection statement is finished.
Grammar rule 2lj specifies the sy.'ltax of a selection statement:
2tj. <statement>

::=

'IF' <expression> 'THEN' <statement> [ 'ELSE' <statement> )

In Example 3.60, an implementation of Euclid's algorith:n to determine the greatest
common divisor, <J. selection statement is useà to discriminate between the c;ises 'i
greater than j' and 'i not greater than .i'.
Example 3.60 : Selectio;i
object i,j :

integer ;

Il i > O, j>O
white i.ne(j) do
if i.c;t(j)
then i:•i.ainu•'j)
elee j : •j . minuo(i) ;
0

Pefinition 3.61 : Synchronous message statement
A synchronous message statement invokes a rnethod of an objêct, while the
sender of the message waits for the completion of the method.
0

A synchronous message consists of an expression, which may be a self expressio!I, a basic object-reference expression, a reference-location expression, a message expression,
or .t. comparison expression, as long as it ends with a message t.o an object. lt is not
required that the result-type of this methd is void (i.e. the method may be a function;
in this case the returned value is just ignored) . This facilitates a concise programming
style if thl! result of a function is not important (see Example 3.62 where function.
addpoint add:> a poin~ toa shape aud returns a corresponding index). Grammar rule
2le specifies the syntax of a syr.chronous message sta~ement:
2le. <statement>

:: =

<expression>

Example 3.62 also shows how a synchrono'IS message is used to inv0ke procedure draw
<'f the object that is referred to by reference-location sh.
Examµle 3.62 : Synchronous message
Suppose ciasses point and shape are defined previously, and that cla.5l> shape
contains the following methods:
addpoint with signature 'addpoint ~p: point) : integer'
draw witL signat11re 'draw () : void
object eb : ebape;
object p : point;
eh .clrav();
eh . addpoint(p);
0

/ / drave a ebape
poin~ p to abape eà; alhveC: becauee tbe reeult-type of a
/ / oyncbronoue meuage may be integer

Il •.dde
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Like most object-oriented languages Looks supports dynamic binding. This means
that it depends on the type of the object which method will be invoked, not on the
(declared) type of the reference-location. Dynamic binding may be introduced by storing an object-reference into a reference-location where the type of the object-reference
conforms to the type of the reference-location; in this case the object-reference is said
to be cast to the type of the reference-location. There are two ways to introduce casting: either by means of an assignment or by means of actual value-parameters. These
two cases are illustrated in Examples 3.63 and 3.64, respectively.
Example 3.63 : Dynamic binding
Suppose class shape and descendants square and circle are defined previously,
and that class shape contains a method draw with signature 'draw () : void'
which is redefined in classes square and circle.
object 11h : ehape;
object aq : equare i
object c : circle;

1b :• oq; eh.drav(); Il drava a 1quare (dynamic binding, due to aaaignment)
ab :• c; ah .draw(); // draws a circle (dynamic binding, due to aeeignment)
D

Example 3.64 : Dynamic binding
Suppose the same classes are defined as in the previous example.
class dummy

public
ohov (sb :

shape)

void;

implementation
ahov (a·h :

ehape)

void;

begin
eh.drav();
end;
endclaas;

object d : dummy;
object aq : square;
object c : circle;
d. ehov(aq); / / drava a aquue (dynamic binding, due to actual value-para.meter
d.ahov(c); //dra.va a circle (dynamic binding, due to actual value-parameter
D

Clearly, dynamic binding is a very powerful mechanism: statements do not have to
contain complicated case analyses. Furthermore, future classes may also inherit from
shape; due to dynamic binding, method show in class dummy also works for these
future classes. This is a very important feature of a language, especially when used in
an interactive programming environment.
Definition 3.65 : Checked assignment statement
A checked assignment statement determines the type of an object that is referred
to by an object-reference, and stores a copy of this object-reference is stored in
a reference-location, provided the strong typing of Looks is not violated.
0
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This statement contains two expressions: the left-hand expression should evaluate toa
reference-location, the right-hand expr.~ssion should evaluate toa reference-location or
to an object-reference. Grammar rule 21h specifies the syntax of a checked assignment
statement:
::= <expression> '?=' <expression>

2lh. <statement>

The checked assignment statement is evaluated as follows: first, the left-hand expression is evaluated; second, the right-hand expression is evaluated; finally, if the object
that is referred to by the right-hand expression has a type that conforms to the type
of tbe left-hand expression, the object-reference of the right-hand expression (:>r in
case this expression evaluates to a reference-location: the object-reference stored at
this location) is copied into the reference-location of the left-hand expression. If the
types io not conform, the value null is copied to this reference-location. Subsequently,
a comparison ex,)ression between the left-hand expression and null may be used to test
whether the checked assignment was successful.
Since a checked assignment statement performs its owt. type-checking, there is no
ratriction on the tY'>es of the expressions that rnay be used in such a statement
(note that this property is much weaker than the typing requirement of an assignment
statement).
Example 3.66 shows how a checked ~signment may be used to determine whether a
real izference-location contains an integer object-reference.
Exa:nple 3.66 : CheckeL. assignment
object i
object r :

integer;
real;

r :• 0.0;
1 ?• r;

lr (i • null)
then //

tl.~.

alterative vill be aelected becauae r did not contain

Il a reference to a..n integer object
elae

Il thia alternativo vill not be eelected

r :• O;
i ?• r;

lf (i • null)
then // thia alternative vill not be selected

else

// tbia alterative --111 be aelected becauae r did contain a
// referJnce to an inte~er object (thia reference ie nov
Il copied to reference-location i)

0

A checked assignment statement is very useful in combination with genericity, ûecause
it introduces a mechanism to access tne features of forma! generic types. Due to the
strong typing of Luoks, accessi'lg these features directly is not allowed, since it is
not known if the actual generic types do contain these features (for this purpcse the
language Eiffel suppnrts constrainei genericdy: actual generic types il.ave to conform
to a certair type). Example 3.67 shows how checked assignments and (multiple)
inheritance of generic type array and type writable \see Section 6.2 for a description of
these classes) 1.1ay be used to define u, generic array that is a!so writable.
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Example 3.67 : Combination of genericity and checked assignment
Suppose class writable is defined previously, and that this class contains a
method write with signature 'write (os:ostream) : ostream'.
class vritable_array [T]
inherit array [T] (get, aet, eize), vri table(vri te) // aee Chapter 6

implementation
eet (i : integer; x :
var v :

T) : void i

vritable;

begin
if (v • null)
then // Error:

elee

element :r: ia not vritable

array: : aet(i 1 x)// uae anceetor 'array::
11 eet-method

1

to invote the original

end ;
vrite (oa : oatream) : oetre&mi
var i : integer: v : vri tabla;

begin
i

:•O;

while i.lt(eize()) do
begin
v ?• get(i);

// checked aea ignment vill alva.ye eucceed becauae method aet

v . vrite(oa);

Il performa a type-check, thua only vritablea are atored
Il get(i) .vrite(oe) ie not alloved becauee get(i) hae (fonoal)
11 return-type T, vhich may not contain method vrite

i

: • i.pluo(1)

end;
end;

endclasa;
0

An asynchronous message statement and a synchronize statement are used to
specify quasi-parallelism, the form of intra-object concurrency supported by Looks.
Definition 3.68 : Asynchronous message statement 16
An asynchronous message statement invokes a method of an object, while the
sender of the message does not wait for the completion of the method.
D

An asynchronous message consists of an expression, which has to end with a message
to an object. It is not required that the result-type of this method is void (i.e. the
method may be a function; in this case the returned value is just ignored).
Definition 3.69 : Synchronize statement
A synchronize statement switches between various asynchronous messages.
D

Grammar rule 21f and 21 b specify the syntax of an asynchronous message statement
and a synchronize statement, respectively:
••• <expression >

21f. <statement>

21 b. <st atement >

.. -

'SYNCHRONIZE'

16 To comply wilh objecl-orienled lerminology, we have chosen for the name 'asynchronous message'
inslead of 'asynchronous proced ure call'.
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The difference between the synchronous and asynchronous message is the behavior
of the sender of the message. In case of a synchronous message the sender will wait
until the receiver of the message has completed the requested method. In case of
an asynchronous message, however, the sender will wait until the receiver has completed the requested method or the execution of the requested method has reached
a synchronization point, whichever comes first. The sender then resumes his own operation, even if the receiver has not completed the requested method. To specify the
synchronization points in a method, Looks contains a synchronize statement.
The concurrency mechanism of Looks works as follows: all asynchronous messages
that have reached a synchronization point are stored in a set (say S); as long as S is
not empty, one of its members is selected, say am, and subsequently executed until it is
finished or a synchronization point is reached. In the Jatter case, message amis moved
toa new set (say S'). This set will also be filled with the asynchronous messages that
were started by the execution of message am and did not finish because they too have
reached a synchronization point. Set S' will replace S when all members of S have
been selected (i.e. when S is empty). Furthermore, at this time a new frame may be
rendered, a new script fragment may be parsed, garbage may be collected, etc. The
following algorithm in pseudo-code illustrates the concurrency mechanisrn of Looks:

do true
-+

S' :=

do S
-+

0;
# 0

I[

am : "Asynchronous_message";
am :E S;
S := S \ {am};

"execute am until termination or synchronization";
:= S' U "asynchronous messages introduced by execution
of am (including am itself if it did not
finish)"
Il context switch to next thread of control

S'

od;

Il

S := S';

"rendering, parsing, garbage collection, ... "·,
od;
Example 3. 70 shows how a synchronize-statement and asynchronous messages may
be used to implernent two concurrently rnoving shapes (to illustrate the concurrency
mechanisrn integer parameters are added that will be printed when a method is executed).
Example 3.70

Asynchronous message

class ohape
public
move (i :

integer)

lmplementatlon

void;
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move (i :

integer) :

void;

begin
whlle true do
begin

11 code to move the shape
out.vrite(i)i //print i
aynchronize
end
endi

endclass;

object ai ,a2 :

aha.pa;

Consider the statements:
a1.move(1) i // eynchronoua mesaage to at
e2.move(2): // aynchronoua meaaage to e2

They produce the following list of integers:
111111 ...
Since the synchronous message to sl does not terminate, the synchronous
message to s2 will never be executed
Consider the statements:
•al.move(!); / / aaynchronoue meeaage to al
•e2.move(2); // asynchronoua meaaage to a2

If the selection (:E) is deterministic, these statements produce the following
list of integers:
121212 ...
However, if the selection is non-deterministic, the following list may be
produced:
12212112 ...

Consider the statements:
•a1.move(1); Il aaynchronous massage to a1
a2 .move(2); / I eynchronoua meaaa.ge to a2

0

They produce the same lists as in case the message to s2 was asynchronous.
However, the statements following the synchronous message will never be
executed, because the synchronous message does not finish.

In Looks non-deterministic selection is chosen, because it is more genera! than the deterministic selection.
Since Looks supports multi-threaded quasi-parallelism it is possible to send another
asynchronous move-message to one of these objects, e.g. '*sl.move(3)'. Thus, sl
executes two move methods concurrently. If the move-method is called synchronously
as a action-statement (e.g. 'sl.move(4)'), the system 'hangs' because the next actionstatement will be executed only after termination of move (note that move contains
an infinite repetition, and will therefore never terminate).
There is a restriction with respect to synchronize statements and asynchronous messages: value-parameters and local variables of a method may not be used as varparameters of an asynchronous message. Indeed, the lifetime of value-parameters and
local variables is bounded by the execution of a method and may be exceedcd by the
lifetimes of the methods that are invoked by this method by means of asynchronous
messages. If value-parameters and local variables were uscd as var-parameters of these
asynchronous messages, t he corresponding methods could try to use t hem even though
they are already extinct. Example 3.71 demonstrates this (potential) problem with
methods f and g, where method g is finished before the assignment of method f takes
place.
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Example 3.71

Problem due to var-parameter of asynchronous message

claaa A
public
f (var x : integer)
g () : void;
implementatlon
t (var x : integer)
begin
eynchronize;
J:

D

:•

voidi

void;

O;

end;
g () : void;
var i : integer;
begin
•f(i) // problem, becauae reference-location i
Il dieappearo before the aaaignment in aethod t i l
11 necuted (location i ie local tor aethod g and
Il diaappeara vhen method g ia completed)
end;
endcJaas;

3.5.2

Run-time Environment

This section describes two aspects of the run-time environment of Looks: garbage
collection and run-time library linking. Although they are not really part of the
language itself, these aspects improve the ease of programming and the extensibility
of the GDP enormously. Therefore, they are treated in combination with the language
definition.
Garbage Collection

Since the memory space of a computer is limited, the amount of objects that can exist
at the same time during execution of an (object-oriented) program is limited too.
Therefore it is wise to deallocate the memory of objects that will not be referenced
anymore. Basically, there are two ways in which this deallocation process can take
place:
• explicit: the deallocation is specified by the programmer. This results in a
tedious programming style, because the programmer has to be very accurate
whether objects should be deallocated. If he deallocates an object that is still
referred to, these references become dangling (i.e. they do not refer to an object
and they are not equal to null. On the other hand, if he forgets to deallocate
an object that will not be referenced anymore, the memory space is going to be
exhausted gradually (this is known as memory leaking).
• implicit: the deallocation is not specified by the programmer, but is carried out
automatically. This automatical deallocation process is known as garbage collection. Naturally, garbage collection reduces the programming effort considerably,
since the programmer does not have to implement fussy administrations in order to detect loose objects. In other words: garbage collection facilitates concise
programming (requirement 3)
The interpreter for Looks programs, which is contained in the GDP, supports garbage
collection. Therefore no explicit deallocation syntax is needed in Looks. Information
on how garbage collection is actually implemented in the GDP can be found in Section
5.3
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Run-time Library Linking
To facilitate the extensibility of the GDP (requirement 6) run-time library linking is
supported. This means that new system-classes (i.e. classes that may use machinedependent libraries) may be added to the GDP without re-compilation of the GDP.
Moreover, these classes may even be added toa - running - GDP. For example, runtime library linking may be used to define a (Looks) class camera whose implementation
uses machine-dependent libraries, such as the XGL-library [Sun91b] for rendering (see
Example 3.72 for the definition of such a camera class).
To specify that a Looks class, say A, uses compiled code 17 the name of the library that
contains this code has to be supplied. This is possible by means of keyword external
and an (optional) library-name (in case the library-name is omitted, the name of the
Looks class (i.e. A) is used as library-name):
3. <heading>

.. -

<identifier> [ '[' <identifier Jist> ']' J
( 'EXTERNAL' [ <identifier> 11
[ <class..kind> J

The library containing the compiled code is linked to the GDP during parsing of
the Looks class. Since parsing Looks fragments takes place when the GDP is already
running, the linking also occurs at run-time. Furthermore, the machine-libraries which
are used by this compiled code will also be linked at run-time {hence: run-time library
linking). In Example 3. 72 'cameraJibrary' is the name of the library that contains the
compiled code.
This compiled code may include a compiled object which may be incorporated in a
Looks object. Thus part of a Looks object may consist of compiled code. In this way,
machine-dependent, low-level information (e.g. rendering information for the XGLlibrary [Sun91b]) can be stored in Looks objects. To specify the compiled object that
contains this low-level information the keyword object and an (optional) object-name
should be used {in case the name is omitted, the name of the Looks class (i.e. A) is
used):
4b. <class..kind >

::= 'OBJECT" [ < identifier>

j

In Example 3.72 camera_object is the name of the compiled object (to be found in
library 'cameraJibrary)' that will be incorporated in the Looks camera objects.
To fully benefit from the possibility to use compiled code in a Looks class, methods of
this class should be implementable by means of this compiled code. In this way, the
methods can access the low-level information that is stored in the accompanying compiled object. To specify that a method, say f, is implemented by means of compiled
code, the symbol '#' and an (optional) function-name should be used (in case the
name is omitted, the name of the method (i.e. f) is used):
l 9b. < method..def..rest>

::=

'#' [ < identifier> J

In Example 3.72, camera_zoom is the name of a compiled function (to be found in
library 'cameraJibrary)' that implements the body of the Looks method zoom. In
this manner function camera_zoom provides an interface to the compiled object camera_object.
17 Compiled code is execute<l directly by the hardware on which the GDP runs, i.e. compiled code
is not evaluated by the GDP's interpreter.
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The evaluation - by the interprP.ter of the GDP - of a (Loo!cs) method that is
implemented by means of compiled code, consists of the execution of this compiled
code directly by the hardware.
Example 3.72 : Run-time library Zinking
clasa camera
external camera_libra.ry
object camera_object
public
zoom() : void:
lmplementation
z.oom() : void lcamera_zoom;
endclaaa:
D

Information on how run-time library linking is actually implemented in the GDP, and
restrictions on the compiled code can be found in Section 5.4

3.6

Evaluati0n

Section 3.2 introduced the requirements that the script-language of the GDP has to
meet. These requirements are:
1. animation-orientd
2. universa!
3. concise
4. comprehensible
5. reliable
6. extensible
7. interactive
8. well-defined
9. efficieut
Table 3.73 evaluates to wha.t extent the various concepts of Looks relate to these
requirements (the numbers in this table refer to the reqtüremeuts above). A '+' sign
means that the corresponding Looks cm:; :ept contributes to fulfilling the as3ociated
requirement; a '-' sign indicates that the corresponding Looks concept c0nfiicts with
the associated requirement. In this ~a.ble 'fully object-oriented' m ~ans that even basic
values are provided as objects; the sysiem cla!lSes are presented in Chapter 6.
As can be seen from this table, object-orientation and co11currency based on quasiparallelism, asynchronous messages, and global synchr,mization match with the requirements for an animation system (see S"ction 3.3.4). They can be used in a variety
of applications and allow for concise programming:
• object-orientation: classes facilitate the definition of isomorphic objects; inheritance and generi<:ity facilitate the definition of related classL:s; dynamic binding
facilita.tes message passing to related objects.
• concurrency: inter-oL ject concurrency facilitates the definition of entities in an
animation that may perform several operati0ns concurrently.
It should be noted that the glolial synchronization mechanism cannot be used to
control concurrency vetween frames.
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1

Object-Orientation
* genericity
* multiple and repeated inheritance
* fully object-oriented
* system classes
* dynamic binding
I Concurrency
* quasi-parallelism
* asynchronous message
* global synchronization
1 M1scellaneous
* interpreted
* few expressions and statements
* strong typing
* garbage collection
* run-time library linking
1

+

+
1+
+
+
+/-

2

1

3

1

4

1

5

1

6

1

7

8

9

+ l+l+l+l+I
+ + + + +
+ + + + +
+ + +
+ - + +
+ + + +
1 + 1+1+1
+ + +
+ + +
+/- + +

- +

+

+
+ + +
+ +
+ +

-

+

+
+

Table 3. 73: Evaluation of Looks concepts
Furthermore, the concepts of object-orientation and concurrency as used in Looks
consist of only a few constructs. Although in genera] these constructs are relatively
simple, one combination is quite involving: repeatedly inheriting a private feature. On
the other hand, it allows fora very flexible inheritance specification (see Example 3.30).
Since basic types are supported in Looks by means of classes, there is - almost - no
dedicated syntax for these types. The small set of simple, yet expressive statements
and expressions also contributes to the comprehensibility of Looks.
Object-orientation promotes reuse of existing classes either by creating objects of these
classes or by defining new classes that have inherited from them. In both cases the
code of the existing classes may be used. Therefore, the availability of a reliable classlibrary will facilitate the development of reliable programs. Furthermore, since Looks
is strongly typed, it is guaranteed that no type errors will occur during the execution of
a Looks program. Consequently, no type checking needs to be done at execution-time,
which contributes to an efficient execution.
Clearly, defining new classes that have inherited from existing classes allows for the
extension of the animation system with new functionality.
The fact that Looks is an interpreted language contributes to the fact that it is very
well suited to interactively control the GDP. Unfortunately, interpretcd languages are
slower than compiled languages. The interactive character of the GDP, however, is
more important than its execution speed. Therefore, no compiled language bas been
chosen. To support efficient execution of time consuming algorithms, Looks supports
run-time library linking. This facilitates the GDP to load and execute cornpiled code.
This rnechanism consists of a few Looks constructs and allows for extending the GDP
with new functionality.
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The rim-time environment of Looks supports garbage collection. This means that
Looks programmers do not have to specify the deallocation of objects. As explained
in Section 3.5.2, this contributes to concise programming, because the Looks programmer does not have to implement a complica•.ed object-administration. Furthermore,
programs will be more reliable, because no dangling references or memory leaks will
occur. Unfortunately, garbage collection will decrease the performance of the GDP
(but as will be argued in Se:ction 5.3 this slowdown is only marginal).
With respect to the syntax and semantics of Looks being well defined we refer to
Appendices A-E.

Chapter 4
Design of the GDP
4.1

Introduction

Th.is chapter describes the design of the GDP, an implementation of a processor according to the definition of the Generalized Display Processor 1 type (see Chapter
2). First, Section 4.2 describes the internal structure of the GDP: its four functional
components (i.e. parser, interpreter, renderer, and symbol-table), the communication
between these components, and the communication between the environment of the
GDP (application, windowing system, and graphics hardware) and these components.
The four components of the GDP are discussed in the subsequent sections.

4.2

Internal Structure

Upon receiving a Looks script the GDP bas to parse the script, interpret the script,
and render the corresponding frames. These tasks are carried out by three distinct
components of the GDP: the parser, the interpreter, and the renderer. The fourth
- and last - component of the GDP is a symbol-table that is used by the other
three components to store and retrieve information on classes and objects. Figure 4.1
contains a graphical representation of the internal structure of the GDP.
The communication between the various components of the GDP can be classified as
follows:
• Parser +-> Symbol-table
The parser stores class-definitions, declarations, etc. in the symbol-table. It
uses this information to analyze new script fragments, for example, class-names
should be unique, types should be checked, etc.
• Parser ----> lnterpreter
The parser translates the Looks statements that occur as actions in a script to
abstract syntax trees (ASTs); these ASTs are subsequently sent to the interpreter.
• lnterpreter +-> Symbol-table
The interpreter stores and retrieves informat ion on references that are used during interpretation (e.g. for the interpretation of the Looks statement 'x:=y' it
retrieves information on object-reference y and it updates object-reference x such

63

Chapter 4. Design of the GDP

64
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Figure 4.1: The internal structure of the GDP
that x will reft:r to the same obje~t as reference y). Furthennore, the interpreter
retrieves information on method-bodies (e.g. for the interpretation of the Looks
statemefiL 'x.f()' it retrieves the AST that corresponds with method f of the
object that is referred to by object-reference x).
• Interpreter -----+ Renderer
The interpreter signals the renderer when a new framt:: has to be geuerated (i.e.
when all asynchronous mess«ges have reached a synchronization point).
• Renderer +-- Symbol-table
The reuderer retrieveio information on c11.meras (e.g. thPir position, direction,
zoom factor, and associated canvas) and visual objects (e.g. their position and
color).
Section 2.4 describes roughly the communication between the GDP and its environment. As shown in Figure 4.1 several ~ommunication channels between the GDP and
its environment exist:
• Application -----+ Parser
This unidirectional channel is used by tLe application t0 send Lookf:' scriptfragi.:lents to the parser. Since the applica~ion sbould not be hlocked whenever
it sends Looks scripts to the GDP, this channel should act as a buffer 1 .
• Application <----> Interpreter
This bidirectional channel is used by the application to send information to
the interpreter. Normally, the GDP will be waiting for this information. For
example, when the G~P executes fragment (classes ifile and color are explained
in Sections 6.2.3 and 6.6, respectively)
1 The

size of the buffer is implemer' 'l.tion -lependent.
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'object in : ifile; object col: color; new(in); new(col); in.open(); in.read(col);'

the GDP will wait for the application to send a color over this channel - even
possibly concurrent methods do not proceed any further.
In the other direction this channel is used by the interpreter to send information
to the application. For example, when the GDP executes fragment
'object out: ofile; new( out); out.open(); out.writeln(red);'

the GDP sends the information on an object of type color, called red, to the
application. Since the GDP should not be blocked whenever it sends information
to the application, the channel should act as a buffer2 •
• Parser/Interpreter - - Application
This unidirectional channel is used by the parser and interpreter to inform the
application whenever errors have occurred, e.g. a grammar violation (parser), a
context condition violation (parser), or a division by zero (interpreter).
• Interpreter +-----> Windowing System
This bidirectional channel is used by the interpreter to inspect and set properties
of windows on the screen. The GDP may use several windows on a screen, most
notably are the camera-windows of course, but also user-defined windows to
control an animation may be defined in a Looks script (see Section 6.5). The
channel is used by the windowing system to inform the interpreter whenever an
event - either a keyboard event or a mouse event - has occurred in one of the
GDP's windows.
• Renderer - - Hardware
This unidirectional channel is used by the renderer to draw a new frame on
the screen, The renderer can retrieve from the symbol-table an identification in
which window the frame should be drawn. The Jatter identification is stored in
the symbol-table by the interpreter, which has received the identification from
the windowing system.

4.3

Parser

The main task of the parser is to analyze whether a script-fragment that is received
from the application conforms to the grammar of Looks (Appendix 8). F'urthermore,
the parser has to check whether the script-fragment obeys the context conditions of
Looks, e.g. class-names should be unique, types should be correct, etc. (see [Pee95]
for the context conditions of Looks).
As explained in Section 3.5.1 a Looks program consists of actions: forward class declarations (grammar rule 2a), class-definitions (grammar rule 2b), reference-location
declarations (grammar rule 2d), and statements (grammar rule 2c). The first three
kinds of actions do not have an immediate effect on an animation: they describe
classes (2a and 2b) and reference-locations (2d) which may be used later on. For this
purpose, they are stored in the symbol-table. Howevcr, the fourth kind of actions, i.e.
statements (2c), may have an immediate effect on the animation. For these actionstatements the parser constructs corresponding abstract syntax trees (ASTs) in the
2 Again,

the size of the buffer is implementation dependent.
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abstract syntax of Looks (Appendix C). These ASTs are subsequently sent to the
interpreter where they are evaluated according to the sema~tics of Looks. Since the
interpreter may be blocked - due to the interpretation of a previous ac:tion-statement
- the channel between the parser and the interpreter acts like a buffer.
Finally, when a Looks class definition indicates that a (machine dependent) library is
required (see Section 3.5.2 for the appropriate ;:,ooks syntax), the parser has to link
this library to the GDP. Since it has not to be known beforehand which libraries are
going to be needed, the parser can link libraries at run-time. See Section 5.4 for an
implementation of run-time library linking in a UNIX envircn1ment.

4.4

Interpreter

The interpreter is ~he functional hcart of the GDP, because it actually rxecutes the
scripts that are received from the ar;ilication. For this purpose :t consists c;f an implementation of tl:ie evaluation functions as presented in appendices A and D. Although
the functions Eval...statementlist, Eval...simpleexpressionlist, Eval...sml, Eval_aml, and
EvaLprogram have been defined in ~ recursive manner, we choose not to implement
them this way, because the evaluation functions could then cause stack overflows. Instead, the evaluation fu1.ctions are i!Uplemented imperatively. An object-oriented implementation of the abstract syntax in combination wi',h the corresponding evalua.tion
functions is presented in Section 5.2. The following algorithm shows the imperative
version of function EvaLprogram, i.e. the main loop of the interpreter:
do true
-+ "process asynchronous messages by means of Eval_aml"
"garbage collection";
"rendering · ;
"parsing";
od;
As can be seen from this algorithm, a garb~ge collector is invoked after all asynchronous messages are synchronized (garbage collection is discussed Î'1 Section 5.3).
Subsequently, the renderer is signalled that a new frame has to be Jrawn. Finally, the
interpreter processes the ASTs that are sent by the parser.
Like the parser, the interpreter may not crash due to errors in the script (e.g. divisions
by zero, uninitialized references, etc.). Whenever such an error occurs, the interpreter
informs the application - by means of the error channel from GDP to application that a run-time error has occurred.

4.5

Renderer

The renderr>r is the part of the GDP that deals with the visul\l side of an al.i.imation:
presenting the frames of the animation on a _,creen. What 11.nd whne the renderer
shoulè draw is specified by means of virtual cameras (see Section 6.6.4); for example,
a virtual camera contains the eye-position, th~ view direction, the up direction, and
ö. view angle (which are necessary to specify what the renderer shruld draw), and
it contains a refer{:nce to a canvas widget (which is necessary to specify the screen
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area where the frames should be drawn). The actual rendering process is discussed in
Section 6.6, where the various classes that deal with rendering are introduced.
The renderer of the GDP can draw the frames of an animation on various machines
simultaneously (based on the X protocol, see [Nye92]). This introduces the possibility
to present an animation to several users at different locations simultaneously. Furthermore, these users may each control the animation by means of direct manipulation,
because the X protocol automatically sends the events from the various locations to
the GDP (Section 6.7 presents the way in which direct manipulation is handled in the
GDP).

4.6

Symbol-table

Information that is stored in the symbol-table can be divided in two categories: class
information and object information. The class information is mainly used by the
parser in order to analyze Looks fragments. The interpreter uses this information
for accessing attributes of cast object-references (i.e. when the types of the object
and reference-location are not identical) and for fetching method-bodies. The object
information is mainly used by the interpreter to create new objects and to store and
retrieve object-references. The parser only uses the object information to store and
retrieve information on object reference-locations.
The class and object information are explained in Sections 4.6.1 and 4.6.2, respectively.
Section 4.6.3 shows how class and object information are used to evaluate a Looks
script.

4.6.1

Class-table

One of the tasks of the symbol-table is to register information on the classes that are
defined in a Looks script. For each class the following information has to be stored:
name, forma! generic types, ancestors, attributes, methods, and compiled object. For
example, consider class A that is shown in Example 4.2.
Example 4.2 : Sample class
class A[S,T)
external librilry
object dummy_object
public

t (var i :

integer; b :

boolean)

void i

private
x :
y :

A[integer, integer];

T;

endclass;
D

The information that has to be stored for this class consists of:
• name: "A"
• forma! generic types: "[S,T]"
• ancestors: none
• attributes: "x : A[integer,iuteger]" and "y : T"
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• methods: "f (var i : integer; b: boolean) : void"
• compiled object: the CPPObject returned by function "dummy_object"

For storing this information the class-table (CT) useL. several types:
• CT = ( cn:Name x ft:FGT x at:ANC )*, wit!'.:
en : class name
~t
table of forma! generic types
at : table of ancestors
• FGT =Name•
• ANC= ( t:Type x a:ATT x os:Index x m:MET x c:CP?Object )*, with:
t
a
os
m
c

:
:
:
:
:

ancestor type
attributes from ancef'tor t
ofüet of these attributes in the attribute-table of an object
methods from ant:~stor t
compileC: object from ancestor t (see Section 3.5.2 for ?.
discussion on compiled objects)

• Type = (i:Index x c : Boolean x at:AGT), with:

c
at

: indicates an entry in the class-table (CT) or in r-, generic-typ~ table
(FGT)
: specification whether i is 'in index in the class-table
: table of actual generic types (as explained in Section ::1.5, actual generic
types have to be supplied for each forrr,al generic type)

•AGT= Type•
• ATT = ( n:Name x t:Type x pub:Boolean )*, with:
n : attribute name
t
: attribute type
pub : specification whether the attribute is a public or private feature
• MET = ( n:Name x p:PAR x t:Type x pub:Boolean x a:AST x ci:Index )•,
wit!'.:
n
p
t
pub:
a :
ei :

method name
table of parameters
result type
specification whether the method is a public or private feature
body (which is an abstract syntax tree, AST)
index used to cast an object-reference to the class in which the body is
defined (used for i 1herited methods that are not redefined in a
descendant, see Section 4.6.3 for an example)
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• PAR= ( n:Name x t:Type x var:Boolean)", with:
n
t
var

parameter name
parameter type
specification whether the parameter is a var- or value-parameter

For each class, the first entry of its ancestor-table is reserved for the class itself. Consequently, the attributes and methods of a class are handled similarly to the inherited
attributes and methods.
The following values show how these types can be used to store the information of
class A from Example 4.2:
c =
ft =
at=
a =
m=
p =
tO =
tl=
t2 =
t3 =

< ... ,(" A" ,ft,at)>, say class" A" is stored at position 20 in et
<S,T>
<(tO,a,0,m,dummy_object)>, note: this entry refers to class" A"
<("x" ,tl,false),("y" ,t2,false)>
<("f' ,p,t3,true,ast,0)>, say ast represents the body of method "f'
<("i" ,t4,true),("b" ,t5,false)>
(20,true,<t6,t2> ), tO represents "A[S,T]"
(20,true,<t4,t4> ), tl represents "A[integer,integer]"
(1,false,<> ), t2 represents (forma! generic type) "T"
(0,true,<> ), t3 represents "void" (say class "void" is stored at position 0 in
et)
t4 = (2,true,<> ), t4 represents "integer" (say class "integer" is stored at position
2 in et)
t5 = (1,true,<> ), t5 represents "boolean" (say class "boolean" is stored at
position 1 in et)
t6 = (O,false,<> ), t6 represents (forma! generic type) "S"
Figure 4.3 contains a graphical representation of this class table.
n

en
0

void

1

boolean

2

integer

ft

ai

b

l

var

14

lrue

15

false

PAR

ei

n
ast

0

MET
20

A

<S.
CT

ANC

Figure 4.3: Tables used to store information of class A
Inheritance from a type, say anc, consists of appending a copy of the ancestor-table
of anc, say ATanc, to the ancestor-table of the descendant, say ATdes. As a result,
conforming the descendant to type anc only amounts to using an offset in ATdes; this
offset indicates where the copy of ATanc starts in ATdcs. In case of multiple repeated
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inheritance from anc, several copies of ATanc will occur in ATdes. Naturally, these
copies will share one attribute-table and one method-table. For example, consider the
following case of multiple repeated inheritance:
Example 4.4 : Multiple Repeated Inheritance
clua
claao
class
claao

A • • • endcla.ss;
B lnherit A() . . . endclass;
C inherit A() . . . endclass;
D lnherit B() ,C() . . . endclass;

0

The classes from Example 4.4 have the following ancestor-table structures:
• class A : <A>
• class B : <B,A>
• class C : <C,A>
• class D : <D,B,A,C,A>
For example, conformiflb class D to C amounts to using offset 3 in the ancestort2 bie of class D. Indeed at offset 3 starts a copy of the ancestor-table of class C.
This example also shows that multiple repeatedly inherited classes, such as class A,
have to exist several times in the ancestor-table of the descendant. Otberwise, typeconformance cannot be implemented by simply using an offset in the ancestor-table of
the descendant.
The interpretcr uses the class-table to fetch the bodies (ASTs) of t,he rnethods that
are invoked by means of rnessages. Of crurse the interpreter s!:iould be as fast as
possible, therefore fetching method-bodies should not introduce a big overhead. As
can be inferred from the type definitions above, every method (-body) of a class can
be fetched by means of two indirections (i.e. constant tirn,e): the first indirection in
the ancestors-table, and the second indirection in the method-table. The two indices
that specify these indirections form type Ir foxPair :
IndexPair = Index x Index
As shown in Section 4.6.2 htcbing method-bodies of cast object-references can be
performed in constant time by adding an offset to the first index of an ~ ndexPair.

4.6.2

Object-table

The symbol-table also has to register information on reference-locations, object-references, and objects. For each reference-location the following information hd.S to be
stored: its name, its type, <tnd its value. For storing this information the object-table
(OT) uses several types:
• OT = ( ln:Name x lt:Type x h :Value )•, with:
In
lt
lv

: name of a reference-location
location type
: object-reference stored at the location with name n

• Value

= {null}

U Basic_Value U ObjecLValue

4.6. Symbol-table
• Basic_Value
with:

= (vt:Typexci:Indexx

vt

: value type

ei

: cast index (explaine<i below)
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bv:(BooleanURealulntegerUCharUString)),

bv : basic value
• ObjecLValue = vt:type x ci:lndex x att:Attributes, with:
vt

: value type
: cast index
att : attribute-table of an object (note that all - own and inherited attributes of an object are stored in one table)
ei

• Attributes

= Value•

As mentioned in Section 3.5.l, Looks supports aliasing of objects (i.e. multiple objectreferences may refer to the same object). In terms of the tables above, this means that
multiple Object_Values may refer to the same attribute-table.
Since the interpreter should be as fast as possible, accessing the attributes of an object
should not introduce a big overhead. The type definitions above seem to indicate that
one index is enough to access an attribute of an object (indeed, all attributes of an
object are stored in one table for that object). However, due to repeated inheritance
the order of attributes in a descendant may differ from the order in an ancestor. For
example, suppose eacb class of example 4.4 defines two integer attributes x and y. The
attribute-tables of objects of these classes would then have the following structures:
• object A : <A:x,A:y>
• object B : <B:x,B:y,A:x,A:y>
• object C : <C:x,C:y,A:x,A:y>
• object D : <D:x,D:y,B:x,B:y,A:x,A:y,C:x,C:y>
Indeed, the order of the attributes is not fixed during multiple repeated inheritance
(e.g. consider the structures of classes C and D). This is caused by the fact that
inherited attributes (and methods) are added only once toa descendant .
Consequently, two indices (i.e. an lndexPair) are needed to access an attribute: the
first index indicates an ancestor, the second index indicates an attribute from that
ancestor. For example, IndexPair (3,1) would access attribute C:y of an object of
class D, because 3 is the index of ancestor C in the ancestor-table of class D, and 1 is
the index of attribute yin class C. However, C:y is stored in the attribute-table of class
Dat position 7 (see the structures above) . Therefore, there has to be a mapping from
IndexPair (3,1) to position 7. As explained in Section 4.6.1, each entry in the ancestortable contains an index os that indicates the offset of the ancestor's attributes in the
attribute-table of an object. For example, the classes above would have the following
offsets:
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• class A : <(A,0)>, i.e. ancestor A has offset 0
• class B : <(B,O),(A,2)>
• class C : <(C,O),(A,2)>
• class D : <(D,O),(B,2),(A,4),(C,6),(A,4)> .

Indeed, the attributes of ancestor C start at position 6 of the attribute-table of an obof class D. Consequently, accessing an attribute that is indicated by an IndexPair
(ai,aj) consists of retrieving the offset of the ancestor with index ai and adding aj to
this offset (note that this operation requires constant time). For t.xample; consider
IndexPair (3,1) for an object of cl'l.Ss D: index 3 in the ancestor-table results in an
offset 6, adding 1 to this offset results in 7 (the position of C:y in the attribute-table
of D).
A last complication is caused by casting: object-references may be stored at referencelocations of a different type (as lonb as the types conform). For example, consider the
following Looks fragment:
'object c:C; object d:D; new(d); c:=d;'
After execution of this code, the reference-location c a.id d contain the following Îliformation:

j~t

• OT : < ... ,(c,C,cv),(d,D,dv)>
>

cv = (D,3,attr), note: the current ObjecLValue type of cis
dv = (D,0,attr)

n

• attr = <D:x,D:y,B:x,B:y,A:x,A:y,C:x,C:y>

So the assignment 'c:=d;' has as a side effect that the value of the cast index of c is
updated.
Next, suppose attribute (1,1) of c should be accessed (note: lndexPair (1,1) indka.tes
A:y in c.lass C). Value cv has a value type D and cast index 3, indicating that objectreference is cast to the third ancestor of type D. An attribute (ai,aj) is accessed ry
retrieving the offset of the ancestor wiLh index (ai + cast index), and adding index
aj. For attribute (1,1) of c this comes down to: index (1 + 3) L1 the ancestor-table of
class D results in an offset 4, adding 1 to this offset results in 5 (the position of A:y
in the attribute-table attr).
Beca.use Looks supports dynamic binding, the method that wil! be fet.ched does not
depend on the type of the reference-location, but on the typP. of object that is referred
tri. This is similar to accessing attributes, as described above, where ~he value type is
used to compute the position of an attribute (e.g. type [' was used to compute the
position of an attribute of r, because c contained a reference to an object of type D).
The following two procedures describe how methods can be fetched and how attributes
can be accessed in constant time even though repeated inheritanc ~. redefinition, or
casting may have occurred (let val be á. Value, val#null, aud class the entry in CT
that corresponds with val.vt):
• For IndexPair (mi,mj) the following method is fetched:
class.at[mi+val.ci] .m[mj]3
3 During

execution of the method, its cast index ei replaces val.ei.
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• For IndexPair (ai,aj) the following attribute is accessed:
val.att!class. at!val.ci+ai] .os+aj]
As can be seen method fetching and attribute access require 2 indirections and 1
respectively 2 additions.

4.6.3

Example

This section demonstrates how some simple Looks classes are stored in the symboltable. lt also shows how the procedures from the previous section are used to fetch
methods and access attributes.
First, consider the following example.
Example 4.5 : Simple Looks Classes
class &
public
z,y.z :
f () :

integ•rï
void;
void;

g () :
lmplementatlon
g () : void
begin
z :• O;

Il attribute:

(0,2) i index 0 indicate1 a.nceator A, inde:1 2 indicatea attribute z

end
endclaaa;

class 8
inherit &(f ,g)
public
p 1 q : integerj
lmplementatlon
f () :

void

begin
l:y :• O;
Il attribute:

(1,1), index 1 indicatea anceator A. 1 index 1 indicatea attribute y

end
endclaaa;

class C
inherit B(f ,g)
public
t,l,a : integer;
h () : void ;

lmplementation
h () :

void

begin
l

:• Oi

Il attribute:

(0,1), inde:i: 0 indicatea anceator C, indei: 1 indicatea attribute 1

end
endclaaai

object a,ac :

A; object b,bc

B; object c

C·

new(a); new(b); new(c);

ac :• c; be :• c;
0

The class-table as produced by the parser is shown in Figure 4.6 (suppose classes void,
boolean, and integer are stored at the first three entries of the class-table; classes A, B,
and C are stored at positions 40, 41, and 42 of the class-table; fB, gA, and hC are the
ASTs that correspond to the bodies of methods f, g, and h, respectively).
Example 4.5 contains two statements that introduce casting: 'ac: = c' and 'bc:= c'. As
explained in the previous section, casting results in values that have a cast index ei
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Figure 4.6: The class-table corresponding to the previous example
greater than 0 (to recall: this cast index indicates where the location type can be
found in ancest0r-table of the value t.ype). The object-table as produced by the parser
and interpreter after parsing and interpreting the script of Example 4.5 is shown in
Figure 4.7.
Table 4.8 shows the method and atLibut.e fetching for various messages. For every
message the following information is listed: the IndexPair of the method as returned
by the parser, the IndexPair of the nethod as computed b) the fetching mechanism,
the class where the fetched method h defined, the cast index during evaluation of the
method, the attribute that will be accessed during evaluatiori of the method.
For example, consider message 'ac.g()'. The parser returns IndexPair (0,1), because
g is the second method of ancestor 0 of type A - the type of reference-location ac.
The fetching mechanism returns lndexPair (2,1) and type C, berause ac contains a
reference to an object, say obj, of type C, where method g is fetched by merns of
IndexPair (2,1). Furthermore, since class C has not redefined method g, obj has to
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Objccl_value

null

Y

null

Y

null

z

null

z

Auributes

Atlributes

Figure 4.7: The object-table corresponding to the previous example
1 Message 1

a.g();
ac.g();
b.g();
bc.g();
c.g();
a.f();
ac.f();
b.f();
bc.f();
c.f();

IP(parser)
(0,1)
(0,1)
(1,1)
(1,1)
(2,1)
(0,0)
(0,0)
(1,0)
(1,0)
(2,0)

1 IP(fetch) 1 Type(fetch)

(0,1)
(2,1)
(1,1)
(2,1)
(2,1)
(0,0)
(2,0)
(1,0)
(2,0)
(2,0)

(40,true,<>)
(42,true,<>)
(41,true,<>)
(42,true,<>)
(42,true,<>)
(40,true,<>)
(42,true,<>)
(41,true,<>)
( 42,true,<>)
(42,true,<>)

1

val.ei
0
24
1
2
2

1

attribute
a.lv.att[2]
ac.lv.attl7J
b.lv.att[4]
bc. lv .attl7J
c.lv.att[7J

-~

-

1
0
1
1

ac.lv.att[6]
b.lv.att[3J
bc.lv.attl6]
c.lv .att[6]

Table 4.8: Fetching methods and attributes
be cast to type A (where method g is implemented). This casting is indicated by
cast index 2. Finally, the offset of attribute z, indexed by (ai,aj) = (0,2), which is
accessed during the execution of method g, is computed using the procedure described
in Section 4.6.2. Namely:

+ ai = 2 + 0 = 2
CT[42J.at[2J .os = 5, i.e.

• val.ei
•

the attributes of the third ancestor, i.e. A, start at
position 5 in the attribute-table of an object of class C.

• CT[42].at[2J.os + aj
attribute-table.

= 5 + 2 = 7, i.e.

attribute z is stored at position 7 in the

~Method gis implemented in the third ancestor of class C. Therefore objects of class C have to be
cast to this ancestor before method g can be executed.
5 Method fis not implemented in class A.
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Chapter 5
Implementation Aspects
5 .1

Introd uction

This chapter presents some issues in the implementation of the GDP on a UNIX system
using the programming language C++ [Str91] (see also [Pee93]). Although these issues
are explained in context of the GDP, they are relevant for the implementation of a
variety of interpreters on such a system. Aspects that are only useful for the GDP
itself, such as the implementation of the Looks symbol-table, are not discussed in this
chapter.
First, Section 5.2 presents an object-oriented implementation model of the terms and
evaluation function as introduced in Appendix A. Second, Section 5.3 deals with a
garbage collection mechanism that can be used in the GDP. Finally, Section 5.4 shows
how run-time library linking can be implemented.

5.2

Abstract Syntax Trees

In the GDP Abstract Syntax Trees (ASTs) are used to represent statements that occur
in a Looks script (fora discussion of ASTs in combination with programming language
implementation, see [Wat93]). ASTs are generated by the GDP's parser, which sends
them to the GDP's interpreter where they are evaluated according to the semantics
of Looks.
In traditional interpreters this evaluation mechanism is specified as a combination of
recursive evaluation functions. In genera!, each different node in an AST results in
one evaluation function. Sometimes a couple of these functions are combined in one
function that contains a case-statement in order to distinguish the different nodes. This
concept is shown in Example 5.1 by means of the evaluation functions for expressions,
block-statements, and selections (the syntax in Example 5.1 is based on ANSI C).
Example 5.1 : Traditional Evaluation Functions
typedef
typedef
typedef

...
...

expre1aion;
bloeit;

atruet {

expreaaion
bloeit
} seleetion;

exp;
bi, b2;

int Evaluate. expreaaion (expreaeion e)

{ ."

);
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void Evaluate_block (block b)
{ ... } ;
void Evaluate_aelection (eelection e)

{
if (Evaluate_expreeeion(a . exp))
Evaluate_bloclr.(n . bi) ;
elae
Evaluate_block(e . b2) ;

};
D

This example clearly demonstrates some drawbacks of the traditional approach:
• Type definitions are tightly coupled (e.g. the type definition of selection is composed of the types expression and block).
• Evaluation functions are tightly coupled (e.g. the evaluation function Evaluate_
selection uses the evaluation functions Evaluate_expression and Evaluate..block).
• Evaluation functions and type definitions are tightly coupled (e.g. the evaluation
function Evaluate...selection uses type definition expression).
As a result of these drawbacks, extending or changing an AST requires changes at several places in the code - an undesirable property with lespect to the maintainability
of the interpreter.
These problems may be solved by using an object-oriented approach to specify ASTs:
all nodes of an AST are objects of c!erived classes of a common base clas3, say AST.
In this base class a method evaluate is defined that is re-implemented in the different
derived classes (e.g. the evaluate method of class expression will differ from the evalua•.e
method of class selection). Example 5.2 shows how the object-oriented approach may
be used to specify the ASTs and evaluation functions from Example 5.1 (the syntax
in Exarnple 5.2 is based on C++ ).
Example 5.2 : Object-oriented Evaluation Functions
claae Contai ner {

// baae claae for returned valuea of the evaluation fu.nctiona

claaa Boolean_container :
public:
get_boolean() ;

public Cont 1iner {

};
claao !ST {
public:
AST• descendent&;
virtual Container• evaluateO

};
claea es:preaaion : public AST {
public:
Container• evaluate() {

Il return a Boolean_container vi tb. tbe nluo of tbe expre11ion

};

};

5.3. Garbage Collection
claaa block : public AST {
public:
Container• evalua.te() {
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};

};
claao selection : public AST {
public:
Container• evaluateO {
U ( ( (Boolean_container•)deocendento [O] . evaluate () )->getbooleanO)
return deacendenta[l] .evaluate();
elae
return deacendents[2] .evalu.ateO;

};
};
0

This object-oriented approach has been used in the implementation of the interpreter of
the GDP: every operator of the abstract syntax of Looks (see Appendix C) corresponds
with a derived class of base class AST. The evaluation functions of these derived
classes are implemented according to the semantics of the corresponding operator (see
Appendix D).

5.3

Garbage Collection

As explained in Section 3.5.2 garbage collection is a mechanism that relieves the programmer from the task to deallocate objects that are not used anymore.
Several techniques for garbage collection have been proposed (e.g. see !Wil92J for
a survey of uniprocessor garbage collection techniques). Some of the most popular
approaches are:
• reference-counting
This technique is based on maintaining the number of pointers that refer to each
object. Whenever the last pointer to an object is about to be removed, the
object can be deallocated.
• copying
This technique is based on dividing memory space in two areas. At any time,
exactly one of these areas is 'active'. Garbage collection consists of copying all
actual objects, i.e. the objects still in use by the program, from the 'active' area
to the 'passive' area. After the copying process the 'active' and 'passive' area
are switched.
• mark-and-sweep
This technique is based on two phases:
1. mark-phase: all actual objects are marked

2. sweep-phase: all objects are checked and the unmarked objects are deallocated
Note that this technique requires that all objects, either actual or non-actual,
can be reached in some way.
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Reference-counting is very easy to implement: objects have to be extended with a
reference-cuunter and pointer assignments have to be extended. Indeed, after the
assignment the counter of the object that is originally referred to by the left-hand
expression has to be decremented, whle the counter of the object that is referred to by
the right-hand expression has to be incremented. Furthermore, if the reference-counter
of an object reaches zero, the object has to be deallocated. Because of the extension,
the execution of pointer assignments becomes slower. Furthermore, reference-cou11ting
has amore serious drawback: it cannot deal with objects that have circular references.
For example, if two objects refer to each other their reference-counters can never
become zero, and consequently they will never be deallocated. Since Looks objects
may refer to each other, reference-counting seems not to be the appropriate garbage
collection mechanism for the GDP.
A copying garbage collector has a big advantage: as a result of copying oojects from
one area to another, there will be no 'memory holes' between the objects ir the new
area. However, at the same time it :i.lso introduces a drawback: objects do not have
a fixed memory location (therefore an extra indirection may be needed). The most
simple implementation of such a garbage collector really needs two memNy areas,
consequently it is rather demanding with respect to available memory. A more complicated implementation may relocate the actual objects within one memory area.
A mark-and-sweep garbage collector is related to a copying garbage collector: they are
both based on traversing the reachab'e objects. However, they do not have exactly the
same complexity: copying is proportional to the number of reachable objects, whcreas
mark-and-sweep is proportional to the total number of objects. On the other hand,
copying a reachable object is more time-consuming than marking such an objec".
Since mark-and-sweep garbage collec,ion is able to collect circular references (as may
occur in a Looks program), is 'memory-friendly', and is also easy to implemem. it has
been chosen as the garbage collector of the GDP. Note that in the GDP the following
objects are actual:
• all objects that can be reached via a chain of object-references starting at a ·
reference-location
• all objects that can be reached via a chain of object-references starting at a locaJ
variable of an asynchronous message (indeed, the garbage collector may be called
before an asynchronous message is finished)
• all objects that can be reached via a chain of object-references starting at a
parameter of an asynchronous n.essage
Example 5.3 shows in C++ style pseudo-code the mark-and-sweep garbage collection
algorithm as used in the GDP. As shown in Section 4.4 this garbage collector is invoked
after every frame.
Example 5.3 : Mark-and-sweep Garbage Collection
void "ark_object (Object obj) {
i f "obj is not marl<ed" {

"mark obj 11 i
"for every attribute x of obj"
"arl<_object(I);

};

5.4. Run-time Library Linking
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void Kark_phaae () {
"for every reterence-location loc 11
Kark_object(loc'• object);
"for every invocation invu
Kark_objeét(in•'• aelf);
"tor every local variable var of inv"
Ka.rk_object(var•a object) ;
"tor every parameter par of inv"
Ha.rk_object (par' a object);

};
void Sveep_phase () {
"tor every object obj 11
if 11 obj ia marked 11
"unmark: obj 11
elae
11 doallocate
obj "

};
void Garbage_collection()
Kark_pbaae();
Sveep_pbaae();

};
0

Several techniques have been proposed to accelerate garbage collection [Wil92], for
example:
• Generation scavenging: acceleration based on the notion that 'new' objects
are more likely to be garbage than 'old' objects.
• Incremental collection: acceleration based on performing garbage collection
interleaved with program execution.
As mentioned previously the complexity of the mark-and-sweep garbage collection as
used in the GDP is proportional to the number of objects. However, this is not as
bad as it may seem: many of the objects in the GDP will be topological primitives
(see Section 6.6) and the cost of mark-and-sweep garbage collection is considerably
less than the cost of rendering (tests with the prototype of the GDP have shown that
garbage collection costs less than 1% of the execu tion time). Thcrefore accelerations
as presented above are not really necessary in the garbage collector of the GDP.

5.4

Run-time Library Linking

Section 3.5.2) presents the syntax for adding new system-classes to a running GDP.
This allows for using new machine-dependent libraries, or implementing part of the
animation in C++. Run-time library linking consists of the following parts:
• opening a library
• fetching a compiled object from the library
• fetching a compiled method from the library
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Library opening
When a Looks class uses compiled code (i.e. when the class-definition contains keyword
external and an (optional) library-name), the corresponding library is opened by
means of function dlopen 1 • Due to some limitations of UNIX the name of a tbrary has
to begin with 'lib' and has to end with ' .so.0.0' (or some other numerals) . However, the
Looks progrn.mmer does not have to bother with this convention, b'!cause the GDP
automatically adds the necessary pre- and postfi:.-:. For example, when the parser
recognizes 'external cameraJibrary', library 'libcameraJibrary.so.0.0' is opened.
Compiled Object Fetching
As discussed in section 4.6.2 a Looks object may contain a pointer toa (compiled)
C++ object. Due to implementation details discussed below, the class of such a C++
object has to be derived from a common base class, say CPPObject. Example 5.4
shows the outline fora C++ camera class that is to be used in a Looks camera.
Example 5.4 : C++ camera class
li.nclude <xgl. h>
claes camera : public CPPObject
. . . Il xgl-related data
public:
void zoom() {
. . . / / code to change v iev

};
};
D

When the parser recognizes the keyword object and an (optional) object-name in
a class definition, a corresponding C++ object should be created and added to the
appropriate Looks class. However, function dlsym returns the address binding of a
symbol, which is not very useful for a class (indeed, we need to create an object of
the class). Consequently, for every C++ class that has to be linked at run-time to
the GDP there has to be a function that creates an object of this class (by means of
calling the constructor of the class). Due to implementation details discussed below,
these functions may not have arguments and their result-type should be CPP0bject*.
Example 5.5 shows such a function for the camera class.
Example 5.5 : Camera Creation Function
CPPObject• camera. object()
return nev camera();

};
0

1 UNIX

supports library linking mainly by means of two (C- )functions [Sun9la] :

• void* dlopen(char*,int);
This function provides access to the library that is named in the first argument [Sun9la]. lt
returns a descriptor that can be usecl for later reference to the library i i calls to dlsym. The
second argument is reserved for future use (currently it has to be 1).
• void* dlsym(void*.char*);
This function returns the address binding of the symbol that is named in the second argument
as it occurs in the library that is idertified by the descriptor in the first argument.

5.4. Run-time Library Linking
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Actually, the object-name in a class-definition is therefore not the name of a class hut
the name of a function that creates an object of that class. Example 5.6 shows the
code that is used in the GDP for calling a function that creates a C++ object.
Example 5.6 : Object Fetching
eztern void• handle ; / / initialized by dlopen
e:ztern char• object...name; // initia.lized by the pa.rser
typedef CPPObject• (•aignature) ();
// 1ignature is the type ot a. pointer to a '.function vi tb no argumenta
Il and reault-type CPPObject•
aignature function • (aignature)dlaym(handle, object_name);

Il 'function• i1 a pointer to the function vith no a.rgumente and reeult-type CPPObject• aa
11 read trom the library by 11eana of function dlaym
CPPObject• cpp • (•function) (); Il the functioo that ia read fro• the lihn.ry ia uecuted
11 cpp can nov be added to the appropriate Looka claaa
0

As can be seen in the previous example it is necessary to indicate the signature of the
functions that are used to create the C++ objects in order to be able to execute these
functions. Consequently, these functions should have the same signature. However,
these functions should create objects of various classes. This seems to be a contradiction, which can be be solved if these classes have a common base class. This class
can subsequently be used as the result-type of the functions. Therefore, the classes of
C++ objects that are going to be included in Looks objects have to be derived from
common base class CPPObject.
Compiled Method Fetching
As explained in section 3.5.2 it is also possible to specify that a Looks method is
implemented by means of compiled code. Since the body of an ordinary Looks method
is translated by the parser to an AST (the implementation of ASTs is discussed in
section 5.2), it would be convenient if the compiled code is also an AST. Indeed, this
provides a uniform way in which the interpreter can deal with both kinds of methods.
Consequently, for every Looks method that is implemented by means of compiled code,
a derived class of AST bas to be created, where the compiled code is implemented as
its evaluation method. Example 5.7 shows how the C++ implementation of (Looks)
method zoom is incorporated in a derived class of AST.

Example 5. 7 : AST for zoom method
eztern int invur ; 11 ini tialized by the interpreter
eztern aymboltable 11t; // initia..lized by the interpreter

clau zoom : public AST {
public :
void evaluate () {
camera• cam • (camera..•)GetCPPObject 2 (Self (invnr, at) ,0) ;
cam-)zoomO : // execute the zoom metbod of C++ object c a..m

};
};
0

For the same reasons as above, there have to be functions with identical signatures to
create objects of these classes. Example 5.8 shows such a function for the zoom class.
2 GetCPPObject is a function with signature: CPPObject* GetCPPObject(Value,int).
It returns a CPPObject that is associated with the Looks object that is indicated by the first argument. The second argument indicates the index of the ancestor whose CPPObject has to be returned
(see section 4.6).
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Example 5.8 : Zoom Creation Function
AST• camera..zoom() {
return nev zoom();

};
D

Example 5.9 shows the code that is used in the GDP for calling a function that creates
an AST object with the implementation of a (Looks) method. This code is very similar
to the code for creating a C++ object (Example 5.6), they only differ in the result-type
of the signature.
Example 5.9 : Method Fetching
eztern void• ha.ndle; // initia.lized by dlopen
extern char• method_name; // initialized by the pareer

typedef AST• (•eignature) ();
// aignature ia the type of a pointer to a function vi tb no argument&

Il and reault-type AST•
aignature function " (aignature)dlaym(handle ,object_name) i

Il

1 function 1
ia a. pointer to the tunction vitb no argumenta and reault-type AST• as
// read trom the library by meana of function dlaym

AST• ast • (•func tion) (); 11 the function that ie read trom the library is executed
ot a method in the appropriate Looks class

// ast can nov be added as the body
D

Library Creation
The final step in writing C++ code that has to be linked at run-time to the GDP, is
to create a library. For example, suppose the C++ code from Examples 5.4, 5.5, 5.7,
and 5.8 is stored in file 'camera.cc'. Using a C++ compiler on a UNIX system this file
is compiled to object-file 'camera.o'. This object-file (or a combination of object-files)
can be stored in a library by means of link editor 'Id':
Id -o libcameraJibrary.so.0.0 camera.o
Now, library libcameraJibrary.so.0.0 is ready for run-time linking to the GDP (see
Example 3.72 on page 60).

Chapter 6
Class Library
6.1

Introduction

An object-oriented language is not very powerful in isolation. However, together with
a class library it may provide a very useful programming environment. This chapter presents a class library for the GDP. Among the classes that are presente<:! are:
fundamental classes (6.2), a collection class (6.3), events and responders (6.4), widgets (6.5), rendering classes (6.6), direct manipulation classes (6.7), and classes for
kinematics and rigid body dynamics (6.8 and 6.9) 1 .
An important issue in the design of this library is the concept of localization: operations
that work on a collection of objects (e.g. event passing, rendering, and dynamics) are
carried out automatically, i.e. they do not have to be programmed in Looks (therefore,
methods have a local functionality for an object).
Note that rendering and direct manipulation are handled by toolkits such as Iris
Inventor [SC92]. These toolkits cannot be used directly in the GDP, because they are
designed for (compiled) Cor C++, and not for Looks. This does not mean, however,
that these toolkits cannot be used to implement rendering and direct manipulation
classes of the GDP.

6.2

Fundamental classes

This section describes the fundamental classes of the GDP, i.e. classes that are essential
fora majority of applications. The fundamental classes can be categorized as follows:
basic classes (6.2.1), data-structure classes (6.2.2), input and output classes (6.2.3),
position and direction classes (6.2.4).
1 The GDP automatically interprets an initialization file at start-up time. Many of the classes that
are discussed in this chapter are included in this file. Consequently, users of the GDP do not have to
define similar classes; on the contrary, they may use the classes that are provided in the initialization
file (if these classes do not provide the required functionality, the inheritance mechanism of Looks
may be used to implement more a,ppropriate classes). Only the basic classes, presented in Section
6.2.1, are essential for the GDP and may not be removed from the initialization file; all other classes
may be removed.
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Basic Classes

6.2.1

As mentioned in Section 3.5.1 ba.sic classes are classes who5e objects are initially
present. Consequently, no new objects of ba.sic classes may be created later on, and
basic classes may also not be used as ancestors of non-basic classes. Since basic
classes are used in the grammar of Looks, they must occur in the initialization file2 .
For example, class void is used to indicate procedures and class boolean is used in
the guards of the selection and repetition statement. The following ba.sic classes are
supported3 :
1. void

This class is used to indicate procedures; no objects of this class are created.
2. boolean
This class implements logica! expressions in Looks; there are two objects of this
class: TRUE and FALSE, which are referred to by ba.sic object-references true
and false, respectively. Some methods of this class are:
• 'not():boolean' for negation
• 'and(b:boolean):boolean' for conjunction
• 'or(b:boolean):boolean' for di:>junction
For example, the logica! expression '•(bOV(bl/\b2))' is written in Looks as:
'bD.or(bl.and( b2) ). not()'
Note that unary prefix operators become postfix messages in Looks. However,
infix and postfix operators remain at the same position in a Looks expression.
3. real
This class implements fioating point expressions in Looks. The following methods are supported:
• numerical operations (result-type real):
(a) no argument: abs, neg (negative), random, and sqrt. For example,
expression ' fi' is written in Looks as 'x.sqrt()'. Looks expression
'x.random()' returns a random real value in the domain [O,x) or (x,O)
using a uniform distribution.
(b) one argument of type real: div, max, min, minus, plus, pow (involution),
and times. These functions have one parameter of type real and their
result-type is real.
• logarithmical and trigonometrical functions: exp, In, IDlog, acos, arin, atan,
cos, sin, and tan. These functions have no parameters and their result-type
is real. For example, the expression 'ex• is writt~n in Looks as 'x.exp()'.
• comparison functions: eq (=),ge(~) . gt (>),Ie(~) , lt ~ <),and ne (;i).
2 0f course, the user may change the basic classes in the initialization file. For example, methods
may be added, removed, implemented differently, etc.
3 Changebars are used to indicate rather stra.ightforward classes. However, for reasons of completeness these classes are included in this cha pter. Readers who have a background in object-orientation
may decide to skip the fragments indicated by changebars.
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These functions have one parameter of type real and their result-type is
boolean.
• rounding functions: ceil, floor, and round. These functions have no parameters and their result-type is integer. For example, the expression 'fx l' is
written in Looks as 'x.ceil()'.
4. integer
This class has inherited from class real (i.e. references to integer objects may
be used whenever references to real objects are expected). Nearly all inherited
methods from class real are made public, with the exception of methods neg,
random, and abs. However, new methods with these names are declared public
in class integer, this time with result-type integer. Furthermore, the basic numerical operations and the comparison functions are redefined to take into account
that the operation may involve only integer values. For example, consider the
following Looks fragment.

object i : integer; object r
r:=3;
i?=2.plus(r);
Il i refers to object FIVE

real;

Since argument r, with declared type real, refers to integer object THREE, the
method plus uses only integer calculations. Note that the inherited signature
of method plus has result-type real, therefore the statement 'i:=2.plus(r)' will be
rejected by the type-checking of Looks. Although these methods can also be
used for integer arguments, e.g. '2.plus(3)', it is rather strange that these expressions have result-type real. Therefore, the numerical operations and comparison
functions are also defined with integer arguments, and in case of numerical operations, integer result-types. For example, consider Looks fragment 'i:=2.plus(3)'.
Both methods 'plus(x:real):real' and 'plus(x:integer):integer' apply. But, as explained on page 45, the method 'plus(x:integer):integer' will be selected because
the type of the argument (3) equals the type of the declared parameter (i.e. it
is a direct hit).
Finally, class integer contains the following two methods:
• fac():integer
This functions returns a reference to the integer object that corresponds to
the factorial of the object whose function fac is invoked.
• chr():char
This function returns a reference to the char object whose number (in the
ASCII table) corresponds to the integer object. In case the number does
not occur in the ASCII table, null is returned
5. char
This class provides character values in Looks. The following methods are supported:
• ord():integer
This function returns the number of of the char object. For every char c the
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following property holds: '(c.ord().chr()=c)'.
Note that the reverse 'i.chr().ord()=i' only holds if i is a valid index in the
ASCII table.
• iteration functions: pred and succ. These functions have no parameters and
their result-type is char. They return the predecessor and successor of the
char object, respectively. For example, 'a'.succ() returns 'b'.
• conversion functions: toupper and tolower. These functions have no parameters and their result-type is char. They return the upper-case and lower-case
of the char object, respectively. For example, 'a'.toupper() returns 'A'.
• test functions: isalnum (test for letter or digit), isalpha (test for letter), isdigit
(test for digit), islower (test for lower-case), isspace (test for white space,
i.e. space, tab, carriage return, line feed, or form feed), and isupper (test
for upper-case). These functions have no parameters and their result-type
is boolean.
• comparison functions: eq (=),ge(~) , gt (>),Ie(::;) , lt (<),and ne (#).
These functions have one parameter of type char and their result-type is
boolean.
The functions max and min are related to these functions. These functions
have one parameter of type char and their result-type is char.
• string(x:integer):string
This function returns a reference to the string object that consists of x
characters. For example, 'a' .string(5) returns "aaaaa".
6. string
This class provides string values in Looks. The following methods are supported:
• length():integer
This function returns the number of characters in the string.
For example, "abcde" .length() returns 5.
• get(x:integer):char
This function returns the character at the x1h position in the string (note:
the first element in a string is numbered 0). In case x is out of range
[O,length) null is returned. For example, "abcde" .get(2) returns 'c'.
• set(x:integer; y:char):string
This function returns the string that has character y at position x. In case x
is out of range [0,length) null is returned. For example, " abcde" .set(2,'X')
returns "abXde".
Note that in Looks strings are atomie values: they cannot be changed (i.e.
setting a specific character in a string results in a reference to another
string).
• concat(x:string):string
This function returns the concatenation of two strings.
For example, "ab" .concat(" ede") returns "abcde" .
• su bstring( from, len gth: integer) :string
This function returns the substring of length length that starts at position
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from.
For example, "abcde" .substring(l.2) returns "be".
• string(x:integer):string
This function returns a reference to the string object with length x. For
example, "abc" .string(lO) returns "abcabcabca" (this is a generalization of
initializing a string with just one character).
• comparison functions: eq (=),ge (2:), gt (>),Ie (:S), lt (<) , and ne (~).
These functions have one parameter of type string and their result-type is
boolean.
The functions max and min are related to these functions. These functions
have one parameter of type string and their result-type is string.

6.2.2

Data-structure Classes

In the first prototype of the GDP only two data-structures are supplied:
1. array[T]

Generic class array[T] implements a resizable array of references to objects of
type T (of course, other data-structures - which may even use this resizable
array - may be implemented in a Looks class). The following methods are
supported in class array[t]:
• index(i:integer):boolean
This function returns whether i is inside the array-bounds.
• get(i:integer):T
This function returns a copy of the reference stored at position x of the
array. If i is outside the array-bounds null is returned.
• set(i:integer; x:T):void
This procedure stores a copy of reference x at position i in the array. If i
is not within the array-boundaries, an error-message is printed. Note that
both entry i of the array and reference x refer to the same object.
• size(i:integer):void
This procedure sets the size of the array to i positions (starting at 0). If i is
greater than the old size of the array, they array is resized and the positions
from the old size to position i-1 are initialized with null.
• size():integer
This function returns the size of the array.
2. list[T]
Generic class list[T] implements a list of references to objects of type T. This
class is not an implementation of a universa! list data-structure (e.g. it Jacks
concatenation and insertion at a given index), but it is rather dedicated to be
used in other system-classes. The following methods are supported in class list[T]:
• 'add(x:T):integer' for adding a copy of reference x to the end of the list. The
returned integer is an index that may be used later to remove the reference
from the list.
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• index(i:integer):boolean
This function returns whether

O~i<size().

• 'del(i:integer):void' for removing the reference with index i (at this position
null will be stored).
• 'get(i:integer):T' for retrieving the reference with index i.
• 'valid(i:integer):boolean' for testing whether i is an index of a reference (note:
at this position also null could have been stored).
• 'first():integer' for retrieving the first index of a reference (-1 , if no such
index exists).
• 'next(i:integer):integer' for retrieving the index following i (-1, if no such
index exists) .
• 'size():integer' for retrieving the number of references including null's stored
in the list.
• 'amount():integer' for retrieving the number of non-null references stored
in the list.

6.2.3

Input and Output Classes

Input Classes
The following classes are used to handle input to the GDP:
1. readable
This class should be used as an ancestor for every class that needs to read
information from a source (as is the case of most classes presented in this chapter). The class contains only one method: 'read(in:istream):istream', which should
be implemented in each descendant (class istream is explained below). This is
demonstrated for class point on page 96.

2. istream
This class is the base-class for all classes that provide reading information from a
source (descendants that deal with reading from a file or a st ring are introduced
below 4 ). The following methods are supported:
• 'open (s:string) : istream' for specifying that information should be read
from the source with name s.
• 'close() : void' for specifying that no further information can be read from
the source (opening the source is implemented in the various descendants
of class istream) .
• 'read (var x:boolean) : istream', 'read (var x:integer) : istream', 'read (var
x:real) : istream', 'read (var x:char) : istream', and ' read (var x:string) :
istream' for reading basic objects. These functions return a reference to the
istream object , thereby allowing for multiple reads in one expression.
4 In the future new descendants tha t deal with reading from sockets may be int roduced ; this will
facilitate multiple GDP's communicating with each other.
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• 'read (x:readable): istream' for reading an object of a class that has inherited
from class readable. This method is implemented as follows:

read(x:readable):istream
begin
if x . eq(null) .not() then x . read(self);
result (self)
end;
As can be seen in this implementation the actual reading is carried out by
the specialized method 'read(in:istream):void' of the readable object.
It is not possible to use this method to read basic objects. For example,
suppose class boolean would have inherited from class readable. Calling
the above method with a boolean argument b would result in the execution of 'b.read(self)'. However, the read method is executed by the object
that is referred to by object-reference b: this method can therefore never
change object-reference b. Furthermore, this configuration would allow for
using constants such as true as argument for method read. To prevent these
problems, specialized read methods for the basis classes are used (true cannot be used as argument for these specialized methods, because it is not a
reference-location - as required by the forma! var-parameter).
• 'eos() : boolean' for testing whether the end of the input source bas been
reached.
• 'fail() : boolean' for testing whether the last read operation has failed.
3. ifile
This descendant from class istream provides reading informat ion from a file. Class
ifile redefines method 'open (s:string) : istream': it specifies that information
should be read from the file with name s. When using an empty string (i.e. "")
as argument, the input is taken from the I/O channel between the GDP and an
application (see Figure 4.1).
4. istring
This descendant from class istream provides reading information from a string.
Class istring redefines method 'open (s:string) : istream': it specifies that information should be read from string s.
The following code fragment shows how to use class istring:

object is : istring ; new(is); object i :
is.open("123 abc");

integer;

is.read(i); Il read an integer from string "123 abc"
Il i = 123, is .fail() will return false,
Il and is.eos() will return false
is.read(i); Il try to read another integer from string "123 abc"
Il i = null, is . fail() will return true,
Il and is.eos() will return true

Chapter 6. Class Library

92

lt is suggested that these input classes ue always accompanied by the following object:
'object in :ifile; new(in ); in .open(" " );' in order to read from the 1/0 channel between the
GDP and an applicatior. .

Output Classes
The following classes are used to handie the output from the GDP:
1. writable
This class should be used as an ancestor for every class that needs to write information toa destination (as is the case for most classes presented in this chapter) .
The class contains only one method: 'write(out:ostream):ostream', which should
be implemented in each descendant.
2. ostream
This class is the base-class for all classes that provide writing information to a
destination (descendants that deal with writing toa file or a string are introduced
below 5 ). The following methods are supported:
• 'open (s:string) : ostream' for specifying that information should be written
to the destination with namP. s.
• 'append (s:string) : ostream' for specifying that information should be appended to the destination with name s.
• 'close():void' for specifying that no further information can be written to
the destination (opening th1., destination is implemented in the various descendants of class ostream ).
• 'write (x:boolean) : ostream', 'write (x:integer) : ostream', 'write (x:real) :
ostream', 'write (x:char): ostream', and 'write (x:string): ostream' for writing
basic objects. These functions return a reference to the ostream object,
thereby allowing for multiple writes in one expression.
• 'write(x:writable):ostream' for writing an object of a class that has inherited
from class writable. Similar to the read method of class istream this method
is implemented by means of the specialized method 'write(out:ostream) :void'
of the writable object.
write(x:writable):ostream
begin
if (x=null)
then write("null")
else x. wri te (self);

result (self)
end;
• 'writeln() :ostream ' for writing a NEWLINE symbol.
• 'writeln(x:boolean ):ostream', 'writeln(x:integer) : ostream ', 'writeln(x:string) :
ostream', 'writeln(x:real) : ostream', 'writeln(x:char) : ostream ' , and 'writeln
5 In

the future new descendants that deal with writing to sockets may be introduced.
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(x:writable) : ostream' that combine a write and a writeln method.
For example, 'writeln(x:boolean):ostream' is implemented as follows:

writeln(x:boolean):ostream
begin
result(write(x).writeln());
end;
• 'width(i:integer) : ostream', 'justification(left:boolean): ostream', 'fill(c:char)
: ostream', and 'precision(i:integer) : ostream' for initializing formatting
information: width specifies the number of places that will be used for
writing basic objects, justification specifies whether the basic objects will be
written on the start or at the end of these places, fill specifies the character
that will be used to fill the places that are not used by the basic objects
themselves, and precision specifies how many digits of the fractional part of
real objects will be written.
• 'width():integer', 'justification():boolean', 'fill():char', and 'precision():integer'
for retrieving this formatting information.
3. ofile
This descendant from class ostream provides writing information toa file. Class
ofile redefines the following methods:
• 'open (s:string) : ostream' for specifying that information should be written
to the file with name s. When using an empty string (i.e. '"') as argument,
the information is written to the I/O channel between the GDP and an
application (see Figure 4 .1) .
• 'append (s:string) : ostream' for specifying that information should be appended to the file with name s.
4. ostring
This descendant from class ostream provides writing information to a string6 •
Class ostring supports the following additional methods:
• 'open() : ostream' for specifying that information should be written to an
ostring whose initia! string is empty.
• 'append(s : string) : ostream' for specifying that information should be
appended to an ostring with initia! string s.
• 'str():string' for retrieving the (internal) string of the ostring.

6 Strictly speaking writing information toa string is not possible, because strings are atomie values.
Tberefore, class ostring can be considered to contain a string attribute that is replaced with another
string every time information is written to the ostring.
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The following code fragment shows how to use classes ofile and ostring:
object of : ofile; new(of);
of.append("filename"); Il append to file "filename"
of . write("def"); Il "def" is appended to the file
object os : ostring; new(os);
os.append("123 abc"); Il append to string "123 abc"
os.write("def"); Il "def" is appended to string "123 abc"
Il os.strO will return "123 abcdef"

It is suggested that these output classes will always be accompanied by the following
object: 'object out:ofile; new(out); out.open("");' in order to write to the I/O channel
between the GDP and an application.

6.2.4

Position and Vector Classes

The following classes deal with the specification of positions and directions in the
GDP:
1. point
This class defines positions in 3-D space. In order to facilitate reading and
writing of point objects, this class has inherited from classes readable and writable,
respectively. Class point contains the following methods.
• init( c0,cl,c2:real):void
This procedure initializes the coordinates of the point object.
• set(i:integer;p:real):void
This procedure sets the i0 ' ro::;i<3) coordinate of the point object to value
p (if i is outside this range, nothing happens) .
• get(i:integer):real
This function returns the ith (O:Si < 3) coordinate of the point object (if i is
outside this range, null is returned) .
• plus(v:vector):point
This function returns the result of adding vector v (see below) to the point
object (note that the result is again a point object).
• eq(p:point):boolean
This fun<'tion returns a boolean that indicates whether the coordinates of
the point objects referred to by self and p are piecewise identical.
• tovector():vector
This function returns the vector object that has the same coordinates as
the point object.
2. vector
This class defines vectors in 3-D space. For a similar reason as above it has
inherited from classes readable and writable. Class vector contains the following
methods.
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• init( c0,cl,c2:real):void
set(i:integer;p:real):void
get(i:integer ): real
Similar to class point.
• norm() :real
This function returns the norm - or length - of the vector object.
• normalize(l:real):vector
This function returns the vector object that has length 1 and has the same
direction as self.
• inprod(v:vector):real
This function returns the inner product of the vector object (referred to by
self) and v.
• crossprod(v:vector):vector
This function returns the cross product of the vector object (referred to by
self) and v.
• neg():vector
This function returns the vector object whose coordinates are the negative
coordinates of self.
• times(r:real):vector
This function returns the vector object whose coordinates are the coordinates of self multiplied by r.
• plus(v:vector):vector
minus(v:vector):vector
These functions return the addition respectively subtraction of vector objects referred to by self and v.
• equal(v:vector):boolean
This function returns a boolean that indicates whether the coordinates of
the vector objects referred to by self and v are piecewise identical.
• topoint() :point This function returns the point object that bas the same
coordinates as the vector object.
3. axis
This class defines an axis, consisting of a point and a direction, in 3-D space.
It bas inherited from classes readable and writable. Furthermore, it contains the
following methods:
• init(p:point; v:vector):void This procedure initializes the axis object: it will
contain a reference to a copy of the point object referred to by p, and a
reference to the vector object that is obtained by normalizing a copy of the
object referred to by v to length 1.
• position():point This function returns a reference to the point object that is
referred to by the axis object.
• direction():vector This function returns a reference to the vector object that
is referred to by the axis object.
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These classes have all inherited from readable and writable. For example, method
'readable:read(in:istream} : void' of class point is implemented as follows:

readable:read(in:istream)
void
var r,s,t : real;
begin
in.read(r).read(s).read(t);
init(r,s,t);
end;
Consequently, a point object may be initialized in the following way:

object in :

ifile; object p :

point;

new( in); new(p);

in.open("geometry");
in.read(p);

6.3

Collection

6.3.1

Description

For some applications it is necessary to have access to all objects of a certain type: to
perform a method of or to inspect their attributes. This is especially true in context
of the DenK project (Section 1.1). F0r example, in a domain of geometrical shapes
the sentences "Are all cubes blue?" and "Does a blue cube exist ?" are instances of
universa! and existential questions, respectively.
The mechanism to perform a method of all objects of a certain type comes in two
forms in the GDP:
• explicit: the programmer asks to perform such a method
• implicit: the GDP automatically performs such a method (this is related to the
concept of localization; examples of such methods are event passing, rendering,
and dynamics).

A mechanism to program explicit universa! operations7 is not yet available in most
object-oriented programming languages. In these languages the programmer may have
to create dedicated data-structures that contain information on the existing objects of
a type. However, since a programming language should ease the task of a programmer,
this approach is not very adequate.
Iterating over all objects of a given class could have been supported in Looks by means
of a special language construct, say a Cor-statement. The syntax of such a statement
could be given by means of the following grammar rule:
<statement>

::=

'FOR' <identifier> •:• <type> "DO' <statement>

The semantics of such a Cor-statement would be rather straightforward. For example,
consider for-statement 'for c : cube do S'. This statement bas the effect that for
7 Note

that existential operations can be implemented by means of universa! operations.
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ea.ch cube statement S will be performed - to be able to refer toa cube, statement S
may contain object-reference c.
However, one of the design goals of Looks was to keep the language as simple as
possible. Therefore, the number of language constructs should be as small as possible.
Since the universal and existential operations may also be implemented by means of
a generic collection class, there is no need to include a for-statement in Looks. This
collection class collection[T] supports the following methods:
• collect():void;
This procedure stores object-references to all objects whose type conforms to the
actual generic type of the collection8 (note that objects that are created later
are not added au tomatically to the collection).
• size():integer;
This function returns the number of object-references that are stored in the
collection.
• index{i:integer):boolean
This function returns whether

O~i<size(}.

• get(i:integer):T;
This function returns a copy of the i1h object-reference that is stored in the
collection (or null, if i<O V i2size() )
• reset{):void;
This procedure clears the collection.
Example 6.1 shows how the collection class may be used to determine whether a blue
cu be exists.
Example 6.1 : Existential Operation
Suppose classes color and cube are defined previously, and that these classes
contain methods 'eq(c:color):boolean' and 'color():color', respectively.
Furthermore, suppose reference-location blue of type color bas been defined
previously.
object blue_exiete : boolean;
object cc : collection[cube];
object i : integer;
i:-0; blue_ezi11t1 : •falae ; new(cc); // initia.lization
cc.collect(); // cc nov containe refere11cea to all exiating cubea
whlle i.lt(cc.eize()) . and(blue_exiete.not()) do

begin
blue_exista: •cc. get(i). col or() .eq (blue);
i:•i.plue(l);

end;
Il boolean blue_exiete indicatee vhetber a blue cube exiate
0

8 If

the actual generic type is real, integer, or string, no references are stored in the collection.
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6.3.2

lmplementation

Obviously the implementation of method collect of class collection needs to have access
to the symbol-table in order to get references to all objects of a certain type.
The most simple way to implement this method is to iterate over all objects while
testing if their type conforms to the actual generic type of the collection (this iteration
is very similar to the sweep-phase of mark-and-sweep garbage collection, see Section
5.3). This solution is shown in example 6.2.
Example 6.2 : Collecting Objects (simple)
void Collect() {
"tor every object obj"
if 11 obj 's type conforme to the actual generic type of collection"
11 atore
a reference to obj in collection 11

};
0

However, a drawback of this solution is its complexity: it is proportional to the number
of all objects. This can be improved if the information in the symbol-table is changed
in the following way: every class in the class-table contains references to all its objects
(note that this information can also be used in the sweep-phase of the garbage collection, as is shown in Example 6.4). As can be seen in Example 6.3, the complexity of
collecting objects in this case is proportional to the number of classes and the number
of objects whose type conforms to the actual generic type of the collection.
Example 6.3 : Collecting Objects (ideal)
void Collect() {
" tor every claa11 C in the claaa-table 11
if "C conforme to the actual generic type of collection"
"for every object obj of C"
"store a reference to obj in collection"

};
0

Example 6.4 : New Sweep_phase()
void Sveep_pbaae() {
"tor every claaa C in the class- tabla"
11 for
eve r y objec t obj of C"
if 11 obj ia marked"
11 unmark obj"
elae
11 dealloca.te
obj"

};
0

The type-conformance as used in Example 6.3 is not correct for generic classes, e.g.
array[T] - the generic class in the class-table - does not conform to array[cube] the actual generic type of a collection. For this purpose "pseudo-conformance" should
be used: conformance without paying attention to actual generic types. However, this
introduces incorrect results for collections of generic types. For example, consider class
array[T]. References to all instances of this class (e.g. objects of type array[integer],
array[boolean], array[cube], etc.) are stored together at class array[T]. Obviously, this
will cause problems when collecting arrays of a certain type (e.g. collection[array[cube]]
is only interested in objects of type array[cube]) . Two alternatives can be devised to
solve this problem:
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1. Every generic class in the class-table contains a list with all actual generic types

that are used with this class. Furthermore, each entry in this list contains references to all objects that have the corresponding actual generic types.
2. The ideal solution from Example 6.3 is modified by adding an extra conformancecheck before a reference to an object is stored in a collection.
A drawback of the first alternative is that allocations (by means of new) become more
complex because a reference to each new object bas to be stored in the appropriate
list. A drawback of the second alternative is that collections become more complex
because all objects whose type "pseudo-conforms" to the actual generic type of the
collection, have to be checked by means of ordinary type-conformance whether they
should become members of the collection (which is slower than the ideal case, but
faster than the simple case). Because collecting objects is rare compared to the allocation of objects, the second alternative is chosen in the GDP. Example 6.5 shows the
implementation as used in the GDP.
Example 6.5 : Collecting Objects {final)
void Collect() {
"tor every claae C in the clae1-table 11
if "C pseudo-conforme to the actual generic type of collection"
"for every object obj of C11
if "obj 'a type conforme to the actual gener ic type of collection"
' 1 1tore a. reference
to obj in collection"

};
D

6.4
6.4.1

Events
Description

As presented in Chapter 3 there are two ways to invoke a method of an object: synchronous message and asynchronous message. Both messages require that the sender
knows the object to whom the message should be sent. Although this might be applicable in many situations, there are situations in which this condition does not hold,
i.e. it is unknown to which object(s) a message should be sent. For this kind of situations the GDP supports an event-mechanism, which provides fora dccoupling between
sender and receiver of messages. In the event-driven approach an object may indicate
that it is interested in certain types of events. Furthermore, it will provide a method
(namely an event-handler) that will be invoked every time such events occur. Now
the 'sender' object may introduce an event, and all objects interested in this event
wil! automatically execute their event-handler method (note that the 'sender' object
indirectly sends a message to the interested objects). Furthermore, these 'sender' ohjects are normal Looks objects, in other words: events may be 'signalled' in Looks.
However, Looks events may also be signalled by the run-time system of the GDP, e.g.
events that occur in the windowing system will result in raising Looks events of type
ULevent (explained below).
Events are also modelled as objects. They have one common base class: event. This
class supports one method 'signal():void', which may be used to introduce an event.
Objects that are intercstcd in evcnts must be instances of classes that have inherited
from class responder. This class supports the following methods:
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• 'eventhandler(e:event):void' for handling event e, i.e. evcnts that are signalled are
passed as argument to interested objects (i.e. responders).
• 'watch(e:event):void' for specifying that the responder is interested in events of
e's type (note that this type will be a descendant of class event).
• 'forget(e:event):void' for specifying that the responder is no Jonger interested in
events of e's type.
• 'forgeLall():void' for specifying that the responder lost interest in all event.
One type of events is special: events that are generated by the user by means of
mouse or keyboard. For this kind of events class Ul_event (a descendant of class event)
is supported. Furthermore, ULevents typically occur in widgets (i.e. elements of a
graphical user interface - class widget is introduced in Section 6.5). Responders do
not have to be interested in ULevents of all widgets, but they may be interested only
in ULevents of several special widgets. For example, a camera (see Section 6.6.4)
is typically only interested in ULevents that are generated in its associated canvas
widget. For specifying these special widgets class ULevent has inherited also from
list[widget]9. Class ULevent supports the following methods:
• 'allwidgets(all:boolean):void' for specifying whether it is not important in which
widget the event has occurred (this overrules the list of widgets described
above) 10 •
• 'widget():widget' for retrieving the widget in which the ULevent has occurred.
• 'widget(w:widget):void' for setting the widget in which the ULevent has occurred
(this provides for simulation of key or mouse events - indeed, a ULevent may be
created and initialized in a Looks program and it may subsequently be signalled).
• 'time():integer' for retrieving the time at which the ULevent occurred.
• 'dt():integer' for retrieving the time since the last ULevent.
The following derived classes of Ul_event are supported:
1. key_event is the class that models events that are generated by the keyboard.
For specifying the condition when a key_event should be generated, the following
methods are supported:

• 'Normal(pressed,released:boolean ):void' for specifying that an event should
be generated for normal keys that are pressed or released (according to the
value of pressed and released, by default both are false).
• 'Ctrl(pressed,released:boolean):voîd' for specifying that an event should be
generated for Ctrl-keys that are pressed or released.
9 It would be more natura! to have the list of widgets as an attribute of class ULevent, but rather
low-level implementation details of the event-handling mechanism of the GDP have lead to the approach that uses inheritance.
10 This option is useful for recording all mouse and keyboard events.
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• 'Shift(pressed,released:boolean):void' for specifying that an event should be
generated for Shift-keys that are pressed or released.
• 'Meta(pressed,released:boolean):void' for specifying that an event should be
generated for Meta-keys that are pressed or released.
The Normal, Ctrl, Shift, and Meta condition are combined by means of a logical
or. For example, 'Normal(true,true); Shift(true,false);' specifies that a key_event
should be generated when a normal key is pressed or released, or when a shiftkey is pressed (but not when it is released). If subsequently statement 'Normal(true,false);' is executed, key_events are only generated when a normal key or
a shift-key is pressed.
For creating a key_event in Looks, the following methods are supported:
• 'NormaLdown (down:boolean) : void', 'CtrLdown (down:boolean) : void',
'Shift_down (down:boolean): void', and 'Meta_down (down: boolean) : void'
for specifying the state of the keyboard (default value is false). For example, 'Normal_down(true); Shift_down(true);' specifies that a Shift-key and a
Normal key are down at the same time.
• 'key(c:char):void' for specifying that character cis (de)pressed (only useful
for 'NormaLevent()'; default is character ' ').
• 'Normal_event() : void', 'CtrLevent() : void', 'ShifLevent() : void', and
'Meta_event{) : void' for specifying which key caused the event (default
is a Normal key) . These procedures overrule each other. For example,
'NormaLevent(); ShifLevent();' specifies that the Shift-key caused the event
(ShifLdown indicates whether the event was caused by pressing or releasing
the Shift-key).
For retrieving information from the key_event, the following methods are supported:
• 'NormaLdown() : boolean', 'CtrLdown() : boolean', 'ShifLdown() : boolean',
and 'Meta_down() : boolean' for retrieving the state of the various keys (true
means that they are down).
• 'key():char' for retrieving the (normal) key that is (de)pressed (this function
returns null, if function Normal returns false).
• 'Normal():boolean', 'Ctrl():boolean', 'Shift():boolean', and 'Meta():boolean'
for retrieving which key caused the event (exactly one of these functions
will return true). The other retrieval functions may be used to inspect the
state of the various keys.
2. mouse_event is the class that models events that are generated by the mouse. For
specifying the condition when a mouse_event should be generated, the following
methods are supported:
• 'button(i:integer;pressed,released:boolean):void' for specifying that an event
should be generated whenever button i is pressed or released (O~i<3; by
default both pressed and released are false).
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• 'motion(b:boolean):void' for specifying whether an event should be generated
whenever the mouse moves (by default false).
For creating a mouse_event in Looks, the following methods are supported:
• 'mouse(m:mouse):void' for setting the state of the mouse at the time the
event was signalled 11 •
• 'dx(i:integer):void' and 'dy(i:integer):void' for retrieving the displacement of
the mouse since the last signalled mouse_event.
• 'button_event(i:integer):void' and ' motion..event():void' for specifying what
caused the mouse_event: pressing/releasing a button, or moving the mouse.
For retrieving information from the mouse_event, the following methods are supported:
• 'mouse():mouse' for retrieving the state of the mouse at the time the event
was signalled.
• 'dx():integer' and 'dy():integer' for retrieving the displacement of the mouse
since the last signalled mouse_event.
• 'motion():boolean' for retrieving whether the mouse_event was caused by
moving the mouse.
• 'getbutton():integer' for retrieving the button that caused the event (this
function returns -1, if the mouse_event was caused by moving the mouse)
The following example shows how to create objects that are interested in mouse movements.
Example 6.6 : Dealing with events
cl&Aa aou•e-1ollover

lnherit reaponder ()

public
init () : void
lmplementation
iJlit () : void
var mouae : mouae_event
begin
new(mouae); Il by default, not intereated in a.ny event
aout1e .motion(true); // only intereated in motion even te
1:1.ouae. allvidgeta (); // from any vidget
reaponder:vatch(mouae);

// mouaeJollover ia only intereeted in motion evente from any vidget

end;

11 Class mouse is used to set and retrieve information on the state of the mouse. lt supports the
following methods:
- 'button_down(i:integer; down:boolean):void' for specifying the state of button i (O:-=;i<3; default is
false) .
'button_down(i:integer):boolean' for retrieving whether button i is down .
'x(i:integer):void' and 'y(i:integer):void' for specifying the position of the mouse.
'x():integer' and 'y():integer' for retrieving the position of the mouse.
- 'refresh():void' for updating the mouse object according to the physical mouse, i.e. this allows
Cor polling the physical mouse.
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reaponder: eventbandler(e: event): void

var me :

mouae_event

begin
me ?• e; // try it e is a mouse_event
// 11.ouae_follover is only interested in mouae_eventa
Il (aee metbod init above) 1 thus thie checked aaeignment
11 vill •lv•y• aucceed, conaequently me ia not nuit

Il uae me.dx() and me.dy() to retrieve the mouae diapla.cement
end

endclaaa;
object mO,ml : mouae_follovar;
new(mO); mO. ini t (); / / mO ie intereeted in mouae movementa
new(m1); m1.init0i //ml ia intereated in mouae movementa
// vbenever the ueer moves the mouse, the eventhandler method of mO and 111 vill be e:r.ecuted

object m: mouae; new(m); m.x(100); m.y(100);
object me : mouae_event ; new(me);
me.mouae(m); Il create an event becauee the mouae bas moved to (100,100)
111.e . motion_eventO;

me. aignal (); 11 and let tb is event occur
11 the eventhandler metbod of mO and ml vill nov be executed
D

6.4.2

lmplementation

The event handling mechanism of Looks is carried out immediately after all asynchronous messages have been evaluated. This is shown in the next algorithm, which
represents the main loop of the GDP (the algorithm is a simplification of the algorithm
presented on page 66.
do true
--+ "process asynchronous messages"
"event handling";
"garbage collection";
"rendering";
"parsing";
od;
This event handling mechanism is carried out automatically, i.e. it is not programmed
explicitly in Looks. Therefore, events can be considered as being local in Looks: they
do not have to know which responders are interested in them.
For the event handling mechanism the following datastructures are used:
1. eventlist : event• (a list of all events that are signalled). This datastructure is

filled by physical mouse or keyboard events and by the method signal.
2. responders: event --+ responder• (a function that returns the list of interested
responders for every event type). This datastructure is manipulated by methods
watch, forget, and forgeLall of class responder.
3. widgets: ULevent x responder--+ widget• (a function that returns the list of widgets from which the responder is interested to receive the ULevent) . This datastructure is manipulated by methods add, del, and allwidgets of class ULevent.

Chapter 6. Class Library

104

Now the event handling mechanism can be described by means of the following algorithm {in pseudo-code):
do eventlist;é<>
--> "e := eventlist[O]";
"eventlist := eventlist-e";
for each responder in responders(e)
--+ if "e is a UI_event"
--+ if "e's widget in widgets(e,responder)"
--+ "responder.eventhandler(e)";
O "e's widget not in widgets(e,responder)"
--> skip
fi
O "e is not a ULevent"
--+ "responder.eventhandler(e)";

As can be seen in this algorithm, there is a difference between a ULevent and other
events: these last events always cause the execution of the eventhandler of interested
responders, whereas the former only cause this execution when the responder is interested in receiving events from ULevent's widget. The reason for this is that for an
arbitrary non-ULevent there is no obvious choice for associated widgets.

6.5

Graphical User-Interfaces

In recent years Graphical User-Interfaces (GUis) have proven to be a promising way
to control applications. Therefore, it is desirable that animations running in the GDP
can also be controlled by means of a GUi. For this purpose Looks supports classes
that are based on the Motif widget set [Hel91] .
These widget classes (widgets) have one common ancestor: class widget. This class
bas methods for setting and retrieving properties that are common for all widgets:
• position of a widget
• size of a widget
• size of a border
• color of interior and border
• 'manage(b:boolean):void' for specifying that the widget is ready to take part in a
GUi or that it does not take part in a GUi anymore.
The default behavior of the widgets with respect to mouse-events is specified by the
Motif library. However, a Looks application may decide to overrule this default behavior. For this purpose class widget is a descendant of class responder: by implementing

6.5. Graphical User-lnterfaces

105

a dedicated eventhandler method, a widget may overrule the default behavior.
Class widget has the following descendants:
1. simplewidget is the base class of all widgets that cannot have children 12 . Methods

include setting and retrieving visualization information (e.g. foreground color,
shadow col or, highlight color), and 'ch ildof( c:com positewidget) :void' for specifying
the parent of the widget.
Class simplewidget has the following descendants:
• label for displaying a text or a pixmap. Methods include setting and retrieving text, font, pixmap, position, and formatting information.
Class label has the following descendants:
push button for executing a method, known as a callback method, whenever the button is activated 13 . This callback method is one of the widget's methods: 'callback():v<'id'.
- togglebutton for switching between two states (on/ off). Methods include setting and retrieving the state, the color that indicates state
on, and a callback method that is executed every time the button is
activated.
cascadebutton for introducing a pulldown menu whenever the button
is activated. Methods include initialization of the associated pulldown menu, and a callback method that is executed every time the
button is activated. Due to the underlying Motif implementation,
the parent of a cascadebutton has to be a rowcolumn widget (or one
of its descendants). This would conflict with calling the public inherited method 'childof( c:compositewidget):void', therefore, for a cascade button this method is made private, while a new public method
'childof(r:rowcolumn):void' is introduced. In this way, the type checking
of Looks is uscd to make sure that the parents of cascadebuttons are
allowed widgets.
• separator for separating other widgets. Methods include setting and retrieviug orientation and drawing style.
• list for selecting one or more entries from an array of textual items. Methods
include adding, deleting, selecting, and deselecting items; setting a selection
policy (e.g. one item or multiple iterns); retrieving information on selected
items.
• text for displaying and editing text. Methods include setting and retrieving
12 Widgets introduce a new type of hierarchy, which represents the 'container' relation between
widgets. For this hierarchy the following terminology is used: widgets that are contained in widget
w are called the children of w, for these widgets their container w will be called their parent. Thus
child and parent are used in context of widgets, whereas ancestor and descendant are used in context
of inheritance.
13 Note that such a call back method could also have been implemented by means of the eventhandler
of the pushbutton. However, this would require some effort of the Looks programmer. Furthermore,
invocation of a method is the natura! behavior of a pushbutton. Consequently, most pushbuttons will
have this behavior. Therefore, a dedicated callback method is available in order to minimize the
programming effort.
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margins, length (maximum length of text), editmode (single line or multiline), and a callback method.

2. composîtewîdget is the base class of all widgets that may have children. Class
composîtewidget has the following descendants:
• window is the only widget that does not have a parent. Methods include
initialization of the window (a window may even be initialized on remote
machines), closing the window, setting and retrieving the title of the window, raising the window (i.e. other windows will not overlap the window),
and lowering the window (i.e. no other window will be overlapped by this
window).
• manager is the base class for compositewidgets that must have parents.
It contains method 'childof(c:composîtewîdget):void' for specifying the parent of the widget and methods for formatting (e.g. foreground, highlight,
shadow).
Class manager has the following descendants:
- rowcolumn is the base class of all menu classes. As such it acts like a
container for the various buttons that may be used in a menu; in this
approach buttons are children of a menu. Methods of class rowcolumn
include formatting methods (for positioning the buttons within a menu)
and a callback method.
Class rowcolumn has the following descendants:
* popupmenu is a menu that is normally not visible. It pops up
whenever a dedicated event is generated in its parent widget. Class
popupmenu does not have additional methods.
* pulldownmenu is also a menu that is nórmally not visible. It becomes visible when its associated cascadebutton in a menubar, popupmenu, or other pulldownmenu is activated . Class pulldownmenu
does not have additional methods.
* optionmenu is a menu for choosing among a set of usually mutually
exclusive options. It consists of a cascadebutton and an associated
pulldownmenu. The cascadebutton contains the label of the currently selected option; when the button is activated the pulldownmenu appears and subsequently an option from this menu may be
chosen. Class optionmenu supports methods to associate a pulldownmenu and to initialize the label of the cascadebutton.
* menubar is a menu that can only contain cascadebutton objects,
which are placed, if possible, in a single row. Class menubar does
not have additional methods.
- scrolledarea for displaying only a part of a child-widget, i.e. a scrolledarea object acts like a viewport onto its child-widget. Furthermore,
a scrolledarea object provides scrollbars for moving the viewport. The
placement of these scrollbars can be specified by methods of the object.
- canvas for displaying computer generated images. The class supports
various 2-D drawing methods for generating such images.
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scale for displaying and changing a value within a range by means of
a slider. The class supports methods for setting and retrieving the
range, precision, value, formatting (orientation, width, height, title),
aud a callback. This callback method is executed whenever the value
changes, either by moving the slider or by setting the value by means
of a method.
bulletini>oard is the base class for dialog widgets, i.e. widgets that provide a way for providing information or asking a question. It supports
methods for setting and retrieving margins.
Class bulletinboard has the following - specialized - descendants:
* messagebox for showing a text. This text has to be acknowledged
by activating one of the three associated buttons of a messagebox:
"OK", "Cancel", or "Help". Class messagebox has methods for
formatting and for setting its text.
Class messagebox has the following descendants ( they only differ in
representation):
errorbox
information box
questionbox
templatebox
warningbox
workingbox
* selectionbox for selecting a choice from a list. It automatically creates the following child-widgets: list, text for displaying and editing
the choice, and three buttons ("OK", "Cancel", or "Help"). Class
selectionbox supports methods for retrieving these child-widgets and
for setting and retrieving the choice. There is one specialized selection box:
fileselectionbox for selecting a file from a directory. It creates the
following child-widgets: 2 lists (one for filenames, and one for
subdirectories), 2 texts (one for a file search patterns, and one
for the selected filename), and three buttons (see above). Class
fileselectionbox also supports methods for setting and retrieving
filename, (sub- )directoryname, and file search pattern.
All widgets, except window, need to have a parent. Consequently, applications that
support a GUi wil! have at least one window.

6. 6

Rendering

Being an animation system, the GDP of course supports classes to visualize (or: render) 3-D objects. An important issue in the design of the rendering classes of the GDP
is the distinction between:
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• geometry: a set of 3-D points

• topology: a set of topological primitives, such as lines, polygons, etc.
The separation of geometrical and topological information is made because it allows for
an intuitive mechanism to display objects in various ways. For example, the position
of a cube may be specified by means of one geometry consisting of 8 points, whereas its
appearance may be specified by means of a topology consisting of 12 edges, a topology
consisting of 6 polygons, a topology consisting of 4 edges and 2 polygons, etc.
With respect to colors, the GDP supports the RGB color model, i.e. every color
consists of three components: red, green, and blue. The values of these components
are limited to the range [0,1]. These colors are modeled as objects of class color, a
descendant from readable and writable, that has the following methods:
• 'init(r,g,b:real):void' for initializing the red, green, and blue components simultaneously (arguments greater than 1 or less than 0 are truncated to 1 or 0,
respectively)
• 'r(r:real):void', 'g(g:real):void', and 'b(b:real):void' for setting the red, green, and
blue components individually
• 'r():real', 'g():real', and 'b():real' for retrieving the the red, green, or blue component, respectively
• 'eq(c:color):boolean for testing whether two colors have the same components
Furthermore, the following reference-locations of type color are pre-defined: black
(refers to a color object with rgb-components: (0,0,0) ), red (rgb: (1,0,0) ), green (rgb:
(0,1,0)), blue (rgb: (0,0,1)), yellow (rgb: (1,1,0)), cyan (rgb: (0,1,1)), magenta (rgb:
(1,0,1)), and white (rgb: (1,1,1)).
Classes for the specification of a geometry and topology are presented in Sections
6.6.1 and 6.6.2, respectively. Classes to illuminate a 3-D scene are introduced in Section 6.6.3. Finally, a class that implements a virtual camera is described in Section
6.6.4. Again the concept of localization is important in the design of these classes: the
Looks programmer should not be bothered by the actual rendering process, instead
this should be carried out automatically by the GDP. For example, cameras will automatically render all visible topological primitives. Therefore, the Looks programmer
only has to specify the motion of geometries; he does not have to deal with rendering
the associated topological primitives in the various cameras.

6.6.1

Geometry

A geometry object models a set of 3-D points. These points can be stored in two ways:
1. world coordinates: the 3-D points are given in a fixed basis, say W.

2. local coordinates: the 3-D points are given in a local basis, say L; furthermore,
there is a transformation, say Mwi, that transforms the coordinates of a point
given in basis L to coordinates in basis W.
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The relation between the world coordinates and local coordinates of a geometry is
shown in Figure 6. 7. In this figure the following names are used: p 0 denotes point p
in basis L, and p 1 denotes point p in basis W. The relations between L and W, on
the one hand, and Po and p 1 , on the other hand, is given by means of the following
equations:
L = MwL·W
Pi = MwL·Po

B 0 - - - - -> B 1 : transforms basis
p

,

% to 8i

(matrix)

> B : express pin basis B (vector)
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Figure 6. 7: Relation between world coordinates and local coordinates of a geometry

For rigid bodies, i.e. objects whose local 3-D points remain fixed with respect to a
body-fixed frame, the approach using local coordinates seems to be ideal: moving
object3 only consists of changing their L basis (and updating their MwL accordingly) .
Therefore, this approach bas been taken in the GDP.
Furthern1ore, specialized geometries (which will be introduced in Section 6.8) may
form a tree (the root of this tree is considered to be basis W). In this situation there
are transformations, say MFL, that transform the coordinates of a point in basis L to
the coordinates in the basis of its father in the geometry-tree (note that for geometries
at depth 1 MFL=MwL)· Hence, the (world) coordinates of a point p given in basis Lo
at depth n can be calculated as follows:
MFLn-i" .. ·MFLo ·p (with L; the father of L;_i)
However, for efficiency reasons the product MFLn- i" .. ·MFLo is cached in a matrix
Mw Lo· This relation is specified by means of the following invariant:

WL-invariant: Mw Lo

= MwL

1

·MFLo

Note that the WL-invariant is not required for obtaining local coordinates or father
coordinates of a point (in these cases it may even be violated). However, it should hold
whenever world coordinates of a point are required (this is especially true for rendering,
therefore the WL-invariants of all geometries are restored before rendering). For this
purpose, the main loop is modified as follows:
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do true
--+ "process asynchronous messages"
"event handling";
"restore WL-invariants" ;
"garbage collection";
"rendering";
"parsing";
od;

The automatical restoring of the WL-invariants can be described by means of the
following repetition (in pseudo-code):
for each geometry g
g.restore_WL-invariant(); // this procedure is defined on page 132

--+

Figure 6.8 shows a geometry-tree with depth 2, and the relations between the three
bases.
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Figure 6.8: Relation between hierarchical geometries
For dealing with basis L and transformation Mwi a geometry object supports the
following methods:
• 'basis(o:point;xdir,ydir,zdir:vector):void' for initializing Land Mwi (xdir, ydir, and
zdir should be orthogonal and right-handed)
• 'origin(tobasis:geometry):point' for retrieving the origin of basis L in local coordinates of geometry tobasis:
(tobasis.Mw1i)·(self.Mw L)·(0,0,0,1 14 )r
14 Wben transforming points, the translation of the transformation-matrix also has to be taken into
account - this is specified by the fourth coordinate.
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(The returned point only uses the first three coordinates of the result of this
expression.)
There are two special cases for this expression:
- tobasis=self: the origin of L is returr_ed in local coordinates, hence (0,0,0)
is returned
- tobasis.MwL=I: the origin of Lis returned in world coordinates
• 'direction(i:integer; tobasis:geometry):vector' (O:::;i<3) for retrieving the
vector of L in local coordinates of geometry tobasis:
( tobasis.Mw'à( self.M w L)-(x; ,y;,z;,0 15 f
(Xo=l, Yo=O, zo=O; x1=0, Y1=l, z1=0; x2=0, Y2=0, z2=l)
Obviously, this expression has the same two special cases.

jth

basis

• 'axis(i:integer; tobasis:geometry) :axis' (O:::;i<3) for retrieving the i1h axis of basis
L (this axis consists of the origin of L, i.e. a point, and the jth basis vector of L).
Naturally, a geometry object also supports methods for adding and deleting points.
For this purpose class geometry is a descendant of type list[point], where the inherited methods are renamed as follows: add>addpoint, get>getpoint, valid>validpoint,
first>firstpoint, next>nextpoint, and amount>amountpoint. Furthermore, class geometry supports the following methods:
• 'tolocal(p:point;frombasis:geometry):point' returns the following point:
( self.Mw1L)·(from basis.Mw L)· (p.x,p.y,p.z,l f
In case 'frombasis=selr a copy of point p is returned. Note that argument p is
not necessarily a member of the geometry.
• 'getpoint(i:integer;tobasis:geometry):point' for retrieving a copy of the point with
index i:
(tobasis.Mw1d·( self.Mw L)-(p.x,p.y,p.z,l f,
with p : the i1h point, which is represented in local coordinates.
Note that there is a difference between functions get and getpoint: the farmer
returns a reference toa point of a geometry (therefore this point will always be
in local coordinates), whereas the Jatter returns a copy of such a point.
Sometimes it may be necessary to access designated points of a geometry, e.g. the
center of a cube may be such a special point, or the four points at the top of the cube,
etc. A geometry object supports named subsets to store indices of points (subsets do
not have to be disjoint). In this way the geometry object takes care of the book-keeping
of these designated points. For this purpose class geometry is a descendant of type
list[subset]1 6 , where the inherited methods are renamed as follows: add>addsubset,
get>getsubset, valid>validsubset, first>firstsubset, next>nextsubset, and amount>
amountsubset. Furthermore, class geometry has the following methods for dealing with
subsets:
15 When transforming vectors, the translation of the transformation-matrix may not be taken into
account.
16 Similar as in the situation for class ULevent, it would have been more natura! to have the list
of subsets as an attribute of class geometry. But again low-level implementation details have lead to
the approach that uses inheritance.
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• 'getindex(s:string):integer' for retrieving the index of the subset with name s (-1,
if no such subset exists).
Class subset is a descendant of list[integer] and has the following additional methods:
• 'name(s:string):void' and 'name():string' for setting and retrieving the name of
the subset.
• 'member(si,pi:integer):boolean' for testing whether point index pi is stored in subset si.
Example 6.9 shows how these methods may be used to create a geometry of a cube
with two subsets: one subset containing the points of the cube's top and one subset
containing the points of the cube's front.
Example 6.9

Definition of a cube

object g
object o

geometry; new(g); new(g.aubaeta);
pointj new(o) i o.init(0,0,0) i
vectorj new(x); x.init(l,O,O)j
vector; new(y); y.init(0,1,0);
vector; new(z) i z.init(0,0,1) i
object 11
aubaet;
object p
point;
g.baaia(o,x,y,z);
Il the WL-tra.naformation of geometry g ia initia.lized vith the etandard baeia

object x
object y
object z

new(p); p.init(-1,-1,-1); g.addpoint(p);
new(p); p.init( 1,-1,-1); g.addpoint(p);
new(p); p.init( 1, 1,-1); g.addpoint(p);
new(p); p.init(-1, 1,-1); g.addpoint(p);
new(p); p.init(-1,-1, 1); g.addpoint(p);
new(p); p.init( 1,-1, 1); g.addpoint(p);
new(p); p.init( 1, 1, I); g.addpoint(p);
new(p); p.init(-1, 1, I); g.addpoint(p);
// Note that ve make uae of the tact tbat no other pointe a.re atored in g, so therefore ve
// inter tbe indices of the pointe p from the order in vbich they are added.
// A aater illplementation vould atore the returned indices in a.n a.rray
nev(a);
1.naae( 11 top 11 ) ;
• .add(4); 11 add point
• .add(6); 11 add point
• . add(6); Il add point
• . add(7); Il add point
g . addoubaet(a); Il add

4, i.e.
6, i.e .
6, i.e .
7. i.e.
aubaet

(-1 , -1, 1). to aubaet utopu
( 1,-1, 1), to subset "topu
( 1, 1, 1). to aubaet "top"

(-1, 1, 1), to aubaet "top 11
geometry g

• to

// another vay to fill a subset ia sbovn belov
nev(a);
a.11am.e( 11 front 11 ) ;

g.addoubaet(a); Il add
g.getoubaet(l) .add(O);
g.gotoubHt(l) .add(l);
g.getaubaet(l) .add(4);
g.getaubaet(l) .add(6);

0

(empty) subset
add point 0,
add point 1,
add point 4,
add point 6,

Il
Il
Il
Il

to geom.etry g (it vill get
•i.e.
(-1,-1,-1), to aubaet
i.e.

i.e.
i.e.

index 1)
1, i.e. 0 front 11
( 1,-1,-1), to aubaet 1, i.e.
"front"
(-1,-1, 1). to aubaet 1, i.e. "front 11
11 front 11
( 1,-1, 1). to subset 1, i.e.

As can be seen in the previous example, initializing a geometry can be rather involved.
Obviously, it becomes even worse for complex geometries. In order to prevent this kind
of program fragments, geometries may be initialized using 3-D object files. Furthermore, there are tools available to convert 3-D files from various formats to the GDP
3-D object file format. Consequently, a variety of modelling systems can be used to
generate 3-D models that are to be animated by the GDP.
The following methods are supported by a geometry object to deal with 3-D object
files:
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• 'name(s:string):void' and 'name():string' for initializing and retrieving the name
of the geometry. This name is used for writing the contents of the geometry to
a file.
• 'read3dfile(s:string;var a:array[topology]):void' for initializing the geometry using
the 3-D object file with name s. This method also initializes topologies that are
based on points of this geometry (class topology is explained in the next section).
• 'write3dfile(s:string;a :array[topology]):void' for saving the contents of the geometry
(and of the topologies of array a) in the file with name s.
Example 6.10 contains the contents of a 3-D object file. It starts with a heading that
indicates that the geometry contains two subsets, i.e. "top" and "front". The two lines
after the '*' specify basis L of the geometry. The lines thereafter specify the points
of the geometry. The two lines that start with $ specify the subsets of the geometry.
Finally, the lines after ' & ' specify the topological information.
Example 6.10 : File "cube.gdp"
cube[top,front] O<topo>
0 0 0
100010001
• -1 -1 -1
• 1 -1 -1
• 1 1 -1

• -1 1 -1
•
•
•
•

-1 -1 1
1 -1 1
1 1 1
-1 1 1

• 4 5 6 7
• 0 1 4 5
~

POLYGON
• 0 1 2 3
• 0 1 5 4
• 1 2 6 5
• 2 3 7 6

• 3 0 4 7
• 4 5 6 7
/\
D

Using file "cube.gdp" from Example 6.10, the initializátion of a cube becomes very
compact. This is shown in Example 6.11.
Examp1e 6.11 : D efinition of a cube using file "cube.gdp"
object g :
object a :

geometry; new(g) j
array[topology]; Il cla81 topology ia explain•d in the next aection

g.rea.d3dfile( 11 cube.gdp",a); // geometry g ia completely initialized
D

Finally, class geometry contains methods 'selectable(s : selectable) : void' and 'selectable() : selectable'. These methods are used for direct manipulation purposes and
are explained in more detail in Section 6.7.
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6.6.2

Topology and primitives

A topology object models a set of topological primitives, i.e. the basic rendering
elements of the GDP. These primitives are defined by means of references to points of
geometries, and provide a way to visualize geometries. Topological primitives have a
common base class: primitive, which supports the following methods:
• 'attribute(a:attribute):void' for setting the rendering attributes of the primitive
{class attribute is presented in the next section).
• 'attribute():attribute' for retrieving these rendering attributes.
The following classes of topological primitives have inherited from class primitive:
1. marker
This topological primitive visualizes one point of a geometry, which may be
useful for visualizing the selection of points of a geometry. Class marker adds the
following methods:
• 'init(g:geometry; i:integer):void ' for specifying that point i of geometry g has
to be visualized.
• 'point(tobasis:geometry):point' for retrievîng a copy of this point, expressed
in coordinates with respect to the local coordinate system of tobasis.
2. line
This topological primitive visualizes a line between two points, which do not necessarily have to be elements of the same geometry. Class line adds the following
methods:
• 'init(fg:geometry; fp:integer; tg:geometry; tp:integer):void' for specifying the
begin-point and end-point of the line.
• 'beginpoint(tobasis : geometry) : point' and 'endpoint(tobasis : geometry) :
point' for retrieving the begin-point or the end-point of the line, respectively,
in coordinates with respect to the local coordinate system of tobasis.
3. variable_primitive
This class is a base class for all topologîcal primitîves that have a varîable amount
of point-references (in contrast to a marker or line that always have one or two
point-references, respectively). For manipulating with poînt-references class variable_primitive has înherited from list[point], i.e. class variable_primitive is a case
of multiple inheritance. Furthermore, class variable_primitive has the following
additional method:
• 'getpoint(i:integer;tobasis:geometry):point' for retrieving a copy of the point
with index i.
The following topological primitives have inherited from variable_primitive, therefore they may contain a variable amount of point-references:
(a) polyline
This topological primitive visualizes a line between each pair of points given
by consecutive valid indices.
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(b) polygon
This topological primitive visualizes a plane surface that is outlined by the
points that are referred to by the indices contained in the primitive (if the
points are not located in a plane, the visualization is undefined) .
It should be noted that the actual position of points is controlled by geometries; topological primitives only contain references to these points. Therefore, changing the
position or orientation of a geometry has the effect that all primitives that refer to
points of this geometry are visualized using this new position or orientation automatically. This is shown in Example 6.12, where changing the position of a geometry
results in an automatical update of the end-point of a line.

Example 6.12 : Automatical updating of primitives

D

object gO
geometry; new(gO);
object g1 : geometry; new(gl);
object oO : point; new(oO); oO.init(0,0,0);
object ol : point; new(ol); ol.init(0,0,0);
object :z
vector; new(x); x.init(l,0,0);
object y
vector; new(y); y.init(0,1,0);
object z : vector; new~z); z.init(0,0,1);
object 1 : line i new(l);
object p : point;
gO.baais(oO,x,y,z);
gl. baab(ol ,x,y ,z);
new(p); p.init(25,26,26); gO.addpoint(p);
r.ew(p); p.init(60,60,60); gl.addpoint(p);
1.init(gO,O,gl,O); Il repreaenta a line between (26 , 26,25) and (50,50,50)
ol.init(S0,60,60);
t,•. baais (ol, x ,y, z); Il place geom•try gl at point (60, 50, 50)
Il l ie updated automatically to repreaent a. line betveen (26,26,26) and (100,100,100)

For storing such primitives class topology is a descendant of type list[primitive].
Furthe:more, class topology supports the following methods:
• 'attribute(a :attribute) :void' and 'attribute():attribute' for setting and retrieving the
(default) rendering attributes of the primitives stored in the topology (in case
the rendering attributes of a primitive are not specified, the attributes of the
topology are used)
• 'name(s:string):void' and 'name():string' for initializing and retrieving the name
of the topology (used for saving the contents of the topology)
• 'illuminationmode( mode:integer):void' and 'illuminationmode():integer' for setting
and retrieving the illumination model[FDFH90] that is used to render the polygons that are stored in the topology. This illumination mode may have the
following values:
0. Surface color
In this mode no illumination calculation is done. The polygons are filled
with the color of its attribute.
1. Vertex colors 17

In this mode no illumination calculation is clone. The polygons are filled
by interpolating the colors of the vertices across the surface.
17 1n the class library as described in this thesis points cannot have associated colors; hence there
is no difference between mode 0 and l. Later on, however, derived classes of class point may be
introduced that have extra information, e.g. color, normal, or both.
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2. Flat shading
In this mode the illumination calculation is done only once per surface,
using the surface normal. The resulting color of this calculation is then
used to fill the polygons.
3. Gouraud shading
In this mode illumination calculations are done at each vertex. The resulting colors of the calculations are then interpolated across the surface.
4. Phong shading
In this mode illumination calculations are done at each pixel. The normal
at each pixel is calculated by interpolating the vertex normals ácross the
surface.

Finally, class topology contains methods 'selectable(s : selectable) : void' and 'selectable() : selectable'. These methods are used for direct manipulation purposes and
are explained in more detail in Section 6.7.

6.6.3

Light sources

The visualization of a 3-D scene may be drastically infiuenced by light sources. This
influence can be categorized into the following refiection models[FDFH90]:
• ambient: models isotropic refiection of isotropically incoming light. Consequently, this model is independent on the orientation or position of a surface
and is also independent on the viewing direction.
• diffuse: models isotropic reflection of anisotropically incoming light (typically
the incoming light is modelled as aspot-source or a directional source). Consequently, this model is independent on the viewing direction, hut it depends on
the orientation or position of a surface.
• specular: models anisotropic reflection of anisotropically incoming light. Consequently, this model is dependent on the orientation and posit ion of a surface
and also on the viewing direction. F'urthermore, the color of the reflected light
may be different from the color of the surface, thereby allowing for effects such
as highlights.
The amounts in which these models contribute to the visualization of a primitive, is
specified by the primitive itself (these amounts are known as material properties of a
primitive). The material properties are stored in an attribute object . F'urthermore,
each primitive object has an attribute of type attribute, and can therefore refer to such
an attribute object. This approach allows for the situation where many primitive objects
refer to the same attribute object, therefore the material properties of these primitives
can be changed simultaneously. An attribute object has the following methods:
• 'color(c:color):void' and 'color():color' for setting and retrieving the color of a
primitive
• 'linestyle(i:integer):void' and 'linestyle():integer' for setting and retrieving the style
in which lines are rendered (e.g. solid, dashed, dotted, etc.)
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• 'fillstyle(i:integer):void' and 'fillstyle(}:integer' for setting and retrieving the style
in which polygons are filled (e.g. solid, stippled, hatched, etc.)
• 'ambienton(b: boolean) : void', 'diffuseon(b: boolean) : void', and 'specularon
(b : boolean) : void' for specifying which reflection models should be used for
the visualization of a primitive
• 'ambienton() : boolean', 'diffuseon() : boolean', and 'specularon() : boolean' for
inspecting which refiection models are used
• 'ambient (r:real} : void', 'diffuse (r:real} : void', and 'specular (r:real} : void' for
setting the factors (amounts) in which the reflection models contribute to the
visualization of a primitive (see Table 6.13)
• 'ambient(}:real', 'diffuse():real', and 'specular():real' for retrieving these factors
• 'specularcolor( c:color):void' and 'specularcolor(}:color' for setting and retrieving
the col or of refiected light in case of a specular reflection model (see Tab Ie 6.13)
• 'specularpower(r:real):void' and 'specularpower(}:real' for setting and retrieving the
exponent that controls how fast specular refiectance falls off, as the angle increases between the view direction and the direction of the refiected incoming
light increases (see Table 6.13)
• 'ambientlight(b:boolean): void', 'directionallight(b:boolean): void', 'positionallight
(b:boolean) : void', and 'spotlight(b:boolean) : void' for specifying which kinds of
light sources contribute to the visualization of a primitive (these 4 types of light
sources are introduced below)
• 'ambientlight(} : boolean', 'directionallight(} : boolean', 'positionallight(}:boolean',
and 'spotlight(} : boolean' for retrieving which kinds of light sources contribute
to the visualization
The light sources that are supported by the GDP have inherited from a common base
class light. This class has inherited from readable and writable, therefore light sources
can be initialized and saved using files. This class has the following methods:
• 'switch(b:boolean) :void' for switching the light source on/off
• 'switch(}:boolean' for retrieving the state of the switch
• 'color(c:color):void' for setting the color of the light source
• 'color():color' for retrieving the color of the light source
The following four light source classes may be used to illuminate a 3-D scene:
1. lighLambient
This light source models light coming from all directions uniformly; it contributes
only to the ambient reflections of a primitive. It has only one property: a color.
Because this attribute is already specified by base class light, no new attributes
or methods are introduced in class lighLambient.
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2. lighLdirectional
This light source models parallel light rays; it contributes to the diffuse and
specular refiections of a primitive. The following methods are introduced in
class lighLdirectional:
• 'direction(d:vector):void' for setting the direction of the parallel light rays
• 'direction():vector' for retrieving this direction
3. lighLpositional
This light source models light that is radiated uniformly from a single point; it
contributes to the diffuse and specular refiections of a primitive. Furthermore,
the intensity of the light received by a primitive depends on the distance from
the light source to the primitive. This dependence may be controlled by means of
two attenuation factors (see Table 6.13). The following methods are introduced
in class lighLpositional:
• 'position(p:point):void' and 'position():point' for setting and retrieving the
position of the light source
• 'attenuationl(r:real) : void', 'attenuationl() : real', 'attenuation2(r:real) :
void', and 'attenuation2() : real' for setting and retrieving the attenuation
factors that control the intensity profile of the light source.
4. light...spot
This light source models light that is radiated in the form of a cone; it contributes
to the diffuse and specular refiections of a primitive. This cone is specified by
a position (i.e. the top), a direction, and an angle. Similar to a lighLposition,
the intensity of the light received by a primitive depends on the distance from
the top of to cone to the primitive. This intensity also depends on the position
of a primitive in the cone: the intensity is maximum at the principal axis of the
cone, and falls off with the cone angle. The following methods are introduced in
class light..spot:
• 'position(p:point):void' and ' position():point' for setting and retrieving the
position of the light source
• 'attenuationl(r:real) : void', 'attenuationl() : real', 'attenuation2(r:real) :
void', and 'attenuation2() : real' for setting and retrieving the attenuation
factors that control the intensity profile of the light source.
• 'direction(d:vector):void' and 'direction():vector' for setting and retrieving the
direction of the cone
• 'angle(r:real):void' and 'angle():real' for setting and ret rieving t he angle of
the cone
• 'exponent(r:reat):void' and 'exponent():real' for setting and retrieving the exponent that controls the concentrical intensity attenuation (see Table 6.13)
Table 6.13 shows how the four types of light sources contribute to the three reflection
models18 . The specular refiection model that is used in this table is based on the
Phong illumination model !FDFH90, Sun9lb].
18 In the table operator '*' is used both to multiply two colors and to multiply a color and a real
factor. These multiplications are defined as follows:
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Il

1 Specula.r

Ambient

Diffuse

light..ambient

Fa• Cp •
Cl

0

light..directivna.I

0

Fd • Cp •Cl• (Vp,-VIJ19

light.positiona.I

0

Fd • Cp •

light.Bpot

0

Fd * Cp • r;1 • {Vp,Vplj * A •
{-Vl,Vpl]Ec, if [Vl,Vplj ~cos(As)
0, otherwise

-

0

~I

• IVp,Vpil • A

Fs • Co • Cl • (Vpe,Vrj
Fs • Cs • Cl • {Vpe,Vr]E• • A
Fs • Cs • Cl • IVpe,VrjE• • A •
1-Vl,VpljEc, if {Vl,Vplj ~cos(As)
0, otherwise

Table 6.13: Light sources and reflection models
In this table the following abbreviations are used:
A -

Vr

i

Fa1 +Fa2•IPp-Pll

= 2 * (Vp,Vl) * Vp - Vl

Furthermore, the following symbols are used:
A
As
Cl

attenuation
spread angle (light..spot property)
color of light source (genera! light property)
color of primitive (material property)
Cr
color of reflected light (material property)
Cs
exponent that controls the light source concentration
Ec
(light.spot property)
exponent that controls the fall of the specular reflectance
Es
(material property)
Fa,Fd,Fs: factors for ambient, diffuse, and specular reftection model
(material properties)
attenuation factors (properties of light_positional and Light.spot)
Fa1,Fa2
position of primitive
Pp
position of light source
PI
Vl
direction of light source (unit vector)
Vp
unit normal vector to primitive
Vpe
unit vector from primitive to eye point
Vpl
unit vector from objPct to light source
Vr
unit reflection vector from primitive
For the illumination of a 3-D scene multiple light sources of the aforementioned types
may be used. The contributions of these light sources to the visualization of a primitive
are added. However, this may result in colors whose components exceed the maximum
value of 1. This overflow may be solved by the following solutions [FDFH90] :
(rl,gl,bl) • (r2,g2,b2) = (rl *r2,gl *g2,bl *b2)
f * (r,g,b) = (f*r,f*g,f*b)
(r,g,b) • f = (r*f,g*f,b*f)
19 [vl,v2] is defined as follows:
[vl,v2]

= (vl,v2). if (vl ,v2)?:0
0, if (vl,v2) < 0
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1. truncate the 'offending' component to 1
2. scale the components in such a manner that the 'offending' component is scaled

to 1
3. compute all colors before display, and perform image-processing to bring the
components within the range [0,1]
In the GDP the first alternative is chosen.

6.6.4

Camera

A camera object visualizes a 3-D scene from a specified point and direction in this 3-D
space. This visualization is displayed on an associated canvas object (see Section 6.5),
which may be presented on a computer that supports the X protocol. Class camera has
inherited from class responder; consequently, a camera may be controlled by means of
events. For the initialization of a camera object the following methods are supported:
• 'init(c:canvas):void' for associating canvas c with the camera.
• 'canvas():canvas' for retrieving the canvas that is associated with the camera.
• 'eye(e:point):void' and 'eye():point' for setting and retrieving the position of the
camera.
• 'dir(v:vector):void' and 'dir():vector' for setting and retrieving the view direction
(procedure dir automatically normalizes vector v) .
• 'up(v:vector):void' and 'up():vector'
Specifying only the position and the view direction o.f a camera is not sufficient
for a unique camera orientation: it may be rotated around this axis. To remove
this degree of freedom a direction has to be specified that indicates the vertical
direction as seen the camera. The aforementioned methods may be used for
setting and retrieving this direction. Note that the up direction and the view
direction may not be identical. The argument of method up does not have to
be perpendicular to the view direction: this is done automatically by projecting
the argument onto the plane perpendicular to the view direction.
• 'hor():vector' for retrieving the horizontal direction of the camera. This direction
is calculated by taking the cross product of the projected up vector and the
view direction. Consequently, the view direction, the horizontal direction and
the projected up direction form a right-handed basis.
• 'fov(angle:real):void ' and 'fov():real' for setting and retrieving the field-of-view:
the angle of the pyramid that is further specified by the position and view direction of the camera.
• 'near(near:real):void', 'near():real', 'far(far:real):void', and 'far():real'
To skip the rendering of primitives that are either too close or too far from the
camera, the pyramid is truncated by two clipping planes: the near and far clipping planes. The aforementioned methods may be used for setting and retrieving
the distance of these planes (the distance is measured to the eye position).
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Class camera has inherited from classes readable and writable. The read and write
methods initialize respectively store the following information of a camera object: eye,
dir, up, fov, near, and far.
Rendering a 3-D scene may be rather time consuming. In order to speed this process
up z-buffering may be turPed off. Especially for rendering wire-frames, which consist
of lines only, this may be beneficially since z-buffering is used to determine visible
surfaces (the result of rendering polygons with z-buffering turned off is undefined}.
For controlling z-buffering a camera object supports the following methods:
• 'zbuffer(on:boolean) :void' for specifying whether z-buffering should be used in the
rendering process
• 'zbuffer{):boolean' for retrievir.g the state of z-buffering control
As explained in Section 6.6.2 topological primitives are stored in a topology. When
not all cameras render the same topologies it becomes possible to render the same
scene in various ways. For example, one camera may render a cube as a wire-frame,
whereas another camera may render the same cube as a solid. This situation has a real
world analogy: for example, ".:(Insider the different ways in which one object is shown
using either an X-ray camera or an infra-red camera. To facilitate this kind of rendering, a camera has to know which topohgies it has to render. For this purpose class
camera is a descendant of type list[topology], where the inherited methods are renamed
as follows: add > addtopology, get> gettopology, va lid >va lidtopology, first> firsttopology,
next>n _xttopology, and amount>amounttopology.
For similar reasons, it may be interesting to render the same topologies on various cameras, but with different lighting. Therefore, a camera has to know which light sources
are relevant. For this purpose class camera is a descendant of type list[light], where the
inherited methods are renamed as fellows: add>addlight, get>getlight, valid>validlight,
first>firstlight, next>nextlight, and amount>amountlight.
Furthermore, a camera may be attached to a geometry. Thic; means that the basis of
the camera, i.e. eye-positiou, view direction, horizontal direction, and up direction, is
taken from a geometry. This is particularly useful when using geometries that have
(inverse) kinema tics (see Section 13.8} or dynamics behavior (see Section 6.9}, because
it will facilitate the specification of complex camera movements. For example inverse
kinematics will allow for cameras that automatically follow a certain moving object.
For specifying this kind of attachment a camera object supports the following methods:
• 'carrier(g:geometry):void' for specifying that the camera has to be attached to
geometry g.
• 'carrier():geometry' for retrieving the geometry to which the camera is attached.
• 'releasecarrier():void' for releasing the attachment of the camera to a geometry;
the camera wil! remain at the current position and orientation.
This is shown in Example 6.19 (page 135, where a camera is attached toa geometry
that is kinematically controlled.
Finally, class camera supports methods for setting and retrieving a selecter (Section
6.7.1) and a cursor (Section 6.7.2) 20 :
20 A

camera can have at most one selector and one cursor.
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• 'selector(s:selector):void' and 'selector():selector' for setting and retrieving the selector of the camera .
• 'cursor(s:cursor):void' and 'cursor():cursor' for setting and retrieving the cursor of
the camera.
The selector and cursor of a camera are used for direct manipulation via that camera.
Method 'init(c:canvas):void' of class camera automatically creates (inactive) selector
and cursor objects. Choosing between these two direct manipulation objects may be
carried out by the eventhandler of the camera, for example (with key_events):
• pressing 's' :
- activate the selector (if selector and cursor were both inactive)
- activate the selector anJ deactivate the cursor (if the cursor was active)
- deactivate the selector (if the selector was active)
• pressing 'c' :
- activate the cursor (if selector and cursor were both inactive)
- activate the cursor and deactivate the selector (if the selector was active)
- deactivate the cursor (if the cursor was active)
In other words: the cursor and the selector can never be active simultaneously.
Note that this is only a suggested default behavior of a camera. Naturally, derived
classes of camera may implement a different regime.
As presented in Section 4.4, rendering is carried out after garbage collection21 :
do true
-+ "process asynchronous messages"
"event handling";
"restore WL-invariants";
"garbage collection";
"rendering";
"parsing";
od;
This rendering mechanism is carried out automatically, i.e. it is not programmed
explicitly in Looks. Therefore, rendering can be considered as being local in Looks:
the relation between the various rendering objects (such as geometries, topologies,
lights, and cameras) is taken care of by the GDP, resulting in automatical updates of
the contents of cameras, whenever one of the rendering objects has changed.
The automatical rendering mechanism can be described by means of the following
algorithm (in pseudo-code):
for each camera c
-+ for each topology t attached to camera c
-+ for each topological primitive p stored in topology t
-+ "render primitive p in the canvas associated with camera
c, using the light sources attached to camera c and the
rendering attributes of primitive p and topology t"
21 In

a multi-processor system it could be carried out simultaneously with garbage collection
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Direct Manipulation

As defined in Chapter 1 direct manipulation consists of controlling a running animation by means of a control device, such as a mouse. Since direct manipulation is only
useful for visible objects, these objects have to be selected using camera objects. Indeed, camer? objects provide the only way to make objects visible. Basically, direct
manipulation comes down to two tasks: first, selecting the objects that should be controlled; second, controlling these objects. These two tasks are explained in Sections
6.7.1 and 6.7.2, respectively.

6.7.1

Selection

Selecting visible objects is carried out by a specialized object: a selector. This object
will present a square around the 2-D locator whenever this locator is inside the canvas
of a camera. By means of this square visible objects may be selected: every visible
object that is covered by the square will be selected by the selector. Class selector has
inherited from responder, and has the following methods:
• 'init(c:camera):void' for setting the selector object. Since selection is only possible
via"' camera object, initialization of the selector requires a reference to a camera,
indicating that the selector will be used for selection via that camera.
• 'camera():camera' 1'or retrieving the camera to which the selector is connected.
• 'active(b:boolean):void' and 'active():boolean' for setting and retrieving the state
of the selector. If the selector is made active its square is presented on the canvas
of the camera and it may be used to select visible objects; if it is made passive
its square is rnmoved and the selector cannot be used to select visible objects
anymore.
• 'position(x,y:integer):void' for setting the center of the 'selection' square.
• 'Jetx():integer' and 'gety():integer' for retrieving the center.
• 'size(i:integer):void' and 'size():integer' for setting and retrieving the size of the
'selectie 1' square.
• 'select():void' for selecting the visible objects that are covered by the 'selection'
square of the selector.
• 'deselect():void' for deselecting the already selected visible objects that are covered by the 'selection' S•. uare of the selector.
• 'deselecLall():void' for deselecting all selected visible objects (regardless whether
they are covered by the 'selection' square).
• 'primitives(t:topology):list[integer]' returns the indices of the primitives of topology
t that are selected by means of the selector.
For example, controlling the selector by means of a mouse may be implemented as
follows:
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1. The selector has to specify in which mouse events it is interested. Note that
mouse events are ULevents which are generated in widgets. Therefore, the selector also has to specify from which widget it wants to receive the mouse events.
Since the selector is used in combination with a camera, it is obvious that this
widget should be the canvas widget associated with the camera:

init(c:ca.mera):void
mouse_event
var mouse
begin
new(mouse);
mouse.motion(true); Il interested in mouse motion
mouse.button(O,true,false);
Il interested in button 0 pressed
mouse.button(2,true,false);
Il interested in button 2 pressed
mouse.add(ca.mera().canvas());
Il event via the camera's canvas
responder:watch(mouse);
Il remember that we are writing a method for a class
Il which inherits from class selecter, which in turn
Il inherits from class responder
end;
2. The eventhandler of the selector specifies how the selector responds to these
mouse events:

eventhandler(e:event):void
var
me : mouse_event;
button
integer
begin
me?=e;
Il e will always be a mouse_event (due to method init)
button:=me.getbutton();
Il retrieve button-number from event
if button.eq(-1)
then Il button=-1 : motion event
position(me.mouse().x(),me.mouse().y())
Il the square is moved to the position of the mouse
if button.eq(O)
then Il button=O
button event
select()
Il the objects covered by the square are selected
if button.eq(2)
then Il button=2 : button event
deselectO
Il the objects covered by the square are deselected
end
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This mechanism allows fora very flexible way to deal with selection of objects by means
of a mouse: the actual mouse control (i.e. the mapping of mouse events to selector
operations) is not fixed, but may be specified by an application. It even allows fora
configuration where selection is carrièd out by means of keyboard events.
As explained in Section 6.6.2 the only v:sible objects are topological primitives. So
theoretically only primitives can be selected by means of a selector object. Obviously,
this is not exactly what is wanted: for example, when the user tries to select a cube,
he or she is probably not interested in the primitives that constitute this cube. Consequently, a technique has to be introduced to select objects via constituting topological
primitives. For this purpose class selectable is introduced. This class has inherited
from responder, and has the following methods:
• 'select(s:selector):void' for specifying that the selectable is selected by selector s.
' 'selected(s:se'.ector):boolean' for testing whether the selectable has been selected
by selector s.
• 'deselect(s:selector):void' for 5pecifying that the selectable is not selected by selector s.
• 'deselecLall():void' for specifying that the selecta bie is not selected by any selector.
As presented in Sections 6.6.l and 6.6.2 classes geometry and topology both have an
attribute of type selectable. These attributes are used as follows in method select of
class selector (in pseudo-code) 22 :
for e<.ch topological primi ti ve p that is covered by selector sl 's
square
-+ if p.topology.selectable is not sel~cted yet
-+ p.topology . selectable.select(sl);
Il the selectable attribute of a topology can be set by means of
Il method 'selectable(s : selectable) : void'
Il It is up to the implementation of this attribute's method
Il 'select' what the effect of this selection will be; in
Il Example 6.14 method 'select' specifies that a rotating
Il cube should reverse its rotation.
for each geometry g that is referred to by p
-+ if g . selectable is not selected ye~
-+ g.selectable . select(sl);
Il the selectable attribute of a geometry can be set by
Il means of method 'selectable(s
selectable) : void'
Il Again the behavior is up to the implementation of
Il this attribute's method 'select'.
Note that in this approach geometries and topologies have not inherited from class
selectable, but have an attribute of class selectable instead; this allows for an easy
way to change the behavior of geometries and topologies to selection (and control):
changing this attribute will also change their behavior.
22 Method

deselect is implemented in a similar way.
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The reaction toa selection is totally up to the implementatioII of the select method of
a selectable object. For example, the following implementations of this method may
be considered:
• change visualization attributes of the selected topology
• change attributes (e.g. color) of the selected topological primitives (note: not
all primitives of a topology may have been selected)
• change the motion behavior of the associated geometry (this is shown in Example
6.14 where selection of a rotating cube has the effect that the cube reverses its
rotation).
• specify that an event should be watched, e.g. mouse_events or cursor_events (see
the next section).
Example 6.14 : Selection of a Cube
cl1U18 cube
inherit aeloctable
public
iDitO :void
private
g : goometry;
t : topology;
a : &Ii•i
angle : integer ;
rotate() : void;

lmplementation
initO :void
begin
"initialization
g.e :• aelf; //
t.e :• aelf ; //
angle : • 10; 11
•rotate();
end;
rotate() :

of g, t, and rotation axie a 11 i
eelection of g reaulta in eelection of the cube
aelection of t reaulte in eelection of the cube
rotate over 10 d_,greee per frame

void;

begin
while true do
begin
"rotate over a degreee 11 ;
eynchronize;

end
end;
aelectable: aelect (c: camera) :

void

begin
angle :• .n.gle.negO; Il reveree rotation angle

end
endclau
0

6. 7 .2

Control

Controlling visible objects is already partly possible by means of mouse_events. For
example, the objects may respond to buttons and/or mouse motions. However, mouse
motions fail in one aspect: they are 2-D motions. Clearly, this is insufficient for
controlling the 3-D objects presented in this chapter. For specifying such 3-D motions,
a 3-D cursor is introduced, which is based on a perspective cursor, such as described
in [Ove89]. This cursor consi:;ts of three orthogonal axes; one of them will be called
the main axis. Furthermore, the cursor supports two modes:
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1. construction mode: the cursor is allowed to move in the direction of the main
axis or to rotate around the mai:l axis (note: each of the 3 axes can be made the
main axis)
2. trace mode: the cursor is allowed to move in a plane perpendicular to the main
axis and incident with the centra! point.
Class cursor has inherited from responder, and supports the following methods:
• 'init(c:camera):void' for initializing the cursor object. Since control is only possible
via a camera object, initialization of the cursor requires a reference to a camera,
indicating that the cursor will be used for control via that camera. Furthermore,
the position of the cursor is initialized to a point on the view axis of the camera,
and the axes of the cursor are aligned to the dir, up, and hor of the camera.
Fhally, the cursor specifies that it is interested in mouse_events via the camera's
canvas.
•

'cam~ra():camera'

for retrieving the camera to which the cursor is connected.

• 'active(b:boolean):void' _nd 'active():boolean' for setting and retrieving the state
of the cursor. If the cursor is made active its axes are visible on the cam·as of the
camera and it may be used to control objects; if it is made passive its axes are
hidden and the cursor cannot be used to control objects anymore.
" 'position(p:point):void' and 'position():point' for setting and retrieving the 3-D
position of the cursor.
• 'prev_position():point' for r~trieving the previous pm.ition of the cursor, used to
de ~ive cursor displacement.
• 'direction(i:integer;d:direction):void' and 'direction(i:integer):direction' for setting
and retrieving the direction of the ith axis of the cursor (O:::;i<3).
• 'prev_direction(i:integer):dirtction' for retrieving the previous direction of the
axis of the cursor (O:::;i<3).

ith

• 'main(i:integer):void' and 'main():integer' for setting and retrieving the index of
the main axis (O:::;i<3).
• 'construction(b:boolean):void' and 'construction():boolean' for setting and retrieving the mode of the cursor (if the mode is not construction-mode, it will be
trace-mode).
• 'size(r:real):void' and 'size():real' for
(i.e. the length of its axes).

S<

tting and retrieving the size of the cursor

• 'translate(r:real):void' for translating the cursor along its main axis over distance
r.

• 'translate(r,s:real):void' for trans.ating the cursor in the plane perpendicular to
the main axis.
• 'rotate(r:real):void' for rotating the cursor around its main axis over angle r.
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• 'scale(r:real):void' for sealing the cursor.
• 'reset():void' for returning the cursor to its initia] position and orientation.
Similar to a mouse, a cursor may generate events: cursor _event. Since cursor _events
are generated by a cursor that belongs to a specific camera (and hence to a specific
canvas), class cursor_event can be considered as a special kind of class ULevent. Class
cursor _event supports the following methods:
• 'cursor(c:cursor):void' for creating a cursor_event in Looks.
• 'cursor():cursor' for retrieving the cursor that caused the cursor _event.
The following methods of class cursor will generate a cursor _event:
'position(p:point):void', 'direction(i:integer;d:direction ):void', 'rota te( r:real):void', 'translate( r:real):void', 'scale(r:real):void', and 'reset():void'.
A cursor should also be controllable by means of a mouse. For this purpose class cursor
supports the following private methods:
• 'translate(x,y:integer;dx,dy:integer):void' for translating the cursor (in either construction-mode or trace-mode) according toa mouse motion.
• 'rotate(x,y:integer; dx,dy:integer):void' for rotating the cursor (in constructionmode) according toa mouse motion .
For example, controlling the cursor by means of a mouse may be implemented as
follows:
1. Similar to the selector, the cursor bas to specify in which mouse events it is
interested:

init(c:camera):void
mouse_event
var mouse
begin
new(mouse);
mouse.motion(true); Il interested in mouse-motion
mouse.add(camera() . canvas());
Il event via the camera's canvas
responder:watch(mouse);
Il only interested in motion events with button pressed
end;
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2. The eventhandler of the curwr specifies how the cursor responds to these mouse
events:

eventhandler(e:event):void
var
me : mouse_event;
ce : cursor_event;
x,y,dx,dy
integer;
begin
me?=e;
Il e will always be a mouse_event (due to method init)
x:=me.mouse().x(); y:=me.mouse().y();
dx:=me.getdx(); dy:=me.getdy();
llretrieve position and displacement from the event
if me.mouse().button_down(1)
then Il button 1 : trace mode
translate(x,y,dx,dy);
Il trace mode : only translate
if me.mouse().button_down(2)
then Il button 2: construction mode
if dx.abs().gt(dy.abs())
then translate(x,y,dx,dy)
Il transl. over main axis
else rotate(x,y ,dx,èy)
Il rotation around main axis
ne'W(re); Il ~he cursor has moved
ce. cursor (self) ;
Il therefore a cursor_event has to be generated
ce. signal () ;
end
Again it should be noted that the above is just a suggested default behavior of a cursor.
Derive<i classes of class cursor may impkment another behavior.
Finally, Example 6.15 shows how the classes that are presented in this section may be
used to control a cube by means of direct manipulation. This example demonstrates
various aspects of direct manipulation in Looks:
• selection is performed v:a the selectable attribute of geometry and topology objects,
• cursor movements are available by means of a cursor _event,
• an object that should be controllable by means of a cursor has to specify that it
is interested in such a cursor_event 23 (in the example this is carried out when the
cu be gets selected).
23 1f the direct manipulation also invoh s mouse-buttons, the object should also specify that it is
interested in mouse..events.
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Example 6.15 : Direct Manipulation of a Cube
clasa cube
lnherlt aelectable
public
initO :void
private
g :

geometry;
t : topology;
implementat,on
initO :void

begin
"initialization of g and t";
g . 1 : • aelf; 11 aelection of g reaul ta in aelection of the cube
t.a :• aelf; // aelection of t reaulta in aelection of the cube
end;
aelectable: aelect(c : camera) :

var ce :

void

cursor _event;

begin
new(ce);
ce. add{c) i

responder: vatch(ce);
/ J aelection of the cube ha.1 the effect that it vill vatch cursor
11 event• tha.t are generated in the canvas of camera c
endi

reaponder : eventhandler(e: event) : void
var
ce : cursor _event;
org : point;
xdir, ydir , zdir : vector;

begin
ce?•e; // teat vhether e 11 a curaor_event
"retrieve poaition (org) and orientation (xdir,ydir,zdir) from ce";
g.ba.aia(org,xdir,ydir,2dir); // align cube: vith cursor

end
endclass
0

6.8

(Inverse) Kinematics

6.8.1

Introduction

Chapter 1 introduced the techniques of (forward) kinematics and inverse kinematics.
The former deals with specifying an animation by means of supplying trajectories,
over time, of parameters that describe the characters in an animation. For example,
in Figure 6.16 angles a and f3 specify the position and orientation of object rigidl and
rigid2 (and thus of points, that lies on rigid2). In this figure revolute joints are used;
these are kinematic elements that allow fora rotation .
Inverse kinematics deals with inferring the parameters from given positions of designated parts of the characters. For example, in Figure 6.16 a motion specification based
on inverse kinematics may consist of specifying that point s should move to point t;
the angles a and f3 are subsequently calculated in such a way that points (on rigid2)
reaches reaches point t . Often, inverse kinematics bas to cope with underspecification.
This is demonstrated in Figure 6.17 where two solutions are shown that both meet
the specification.
The numerical aspects of inverse kinematics are treated by several authors, see e.g.
[Hau89, GM85]. The canonical solutions typically take all kinematic objects into
consideration in order to infer the parameters (e.g. by computing a "generalized
inverse" of a Jacobian matrix). Note that this obstructs the concept of localization.
Furthermore, the number of kinematic objects and the relations between t hem do not
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revolute2

rigid2

Figure 6.16: Kinematics using revolute joints

(inferred) !}

revolute2

Solution 1

Solution 2

Figure 6.17: Underspecification of inverse kinematics
have to be fixed in the GDP (due to direct modification). Such solutions are therefore
not very well suited for the GDP, because they are designed fora statie configuration of
objects aud relations. The main goal of this section is to show how (inverse) kinematics
may be sper;fied in an object-oriented way. The underlying algorithms are rather
naively implemented: the numerical aspects were not elaborated upon .
Before we give amore detaile<l description of the Looks classes for (inverse) kinematics,
we explain the genera! approach towards articulated bodies and (inverse) kinematics
that is taken in the GDP.
Articulnted Bodies
In genera) kinematics deals with a configuration of rigid objects that are linked by
means ,f joints that allow for relative motion (such a configuration is also known as
an articulated body). For example, in Figure 6.16 the configuration consists of two rigid
objects that are linked by means of a revolute joint (whose relative motion consists of
a rotation). Furthermore, rigid object rigidl is also linked to the world by means of
a revolute. Consequently, the configuration for genera) kinematics can be considered
as a graph, with rigid objects as nodes and joints as edges (indeed: joints specify a
binary relation between nodes).
In order to simplify vhe calculations that are needed for (inverse) kinematics, the GDP
restricts this graph to be a tree. If such a tree would be implemented using objectoriented technology, both the joints and the rigids would be implemented as objects
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(as can be seen in Figure 6.16). lt can be noted that in terms of object relations, rigids
and joints will always alternate. Furthermore, rigids are only used for position and
orientation purposes (cf. a geometry), whereas joint objects are only used to specify
the relative motion between rigids. Consequently, a rigid and a joint may be combined
in one object: this object has a position and orientation, and it also has a relative
motion with respect to its father in the "kinematics configuration" tree. This kind
of object is specified by means of class kinematic (specialized classes with dedicated
relative motion, such as revolutes, prisms, cylinders, etc. are presented in Sections
6.8.2 to 6.8.8).
Since kinematic objects have a position and orientation (and points for visualization
purposes), class kinematic can be considered as a descendant of class geometry. Therefore, each element bas its own local basis L and corresponding transformation matrix
MwL (tbat transforms the coordinates of a point given in Lto coordinates in worldbasis W). As explained in Section 6.6.1 a geometry can be moved by changing basis
L and tram;formation MwL - However, this would be troublesome for an element of
an articulated body: its children in the "configuration" tree would have to move too
(resulting in updates of the L basis and MwL of all its children). Therefore, another
transformation is used, say MFL that transforms the coordinates of a point given in
basis L to coordinates in the basis of its father in the "configuration" tree. The relation
between MFL and MwL is specified by means of the WL-invariant (see page 109).
Now the motion of an element of an articulated body may be specified by means of
an update of transformation MFL· Note that this will result in a violation of the
WL-invariant. For example, the movement of the lower arm can be expressed in terms
of the basis of the upper arm (the actual world coordinates of the lower arm are not
relevant for this motion; indeed: they only come into play for rendering).
As said above, changing the MFL, due to a motion, will result in a viola tion of WLinvariant. The kinematic object wil! automatically register whetber such a violation
bas occurred, and wil! restore the invariant, whenever world coordinates are required,
by means of the following procedure (in pseudo-code):

restore_WL-invariant():void;
begin
if violated
--+ if "father does not exist"
--+ MwL := MFL

Il MFL contains the correct MwL of the root
D "father exists"
--+ father.r~store_WL-invar i ant();

Il make sure father's WL-invariant is not violated
father.Mw L . MFL
11 update own MwL
Mw L :=

fi
violated

·=

false;

end
For manipulating the hierarchy of elements class kinematic supports the following methods:
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• 'childof(father:kinematic):integer' for specifying that the kinematic object is a child
of element father in the hierarchy. Furthermore, the MFL transformation of the
kinematic object is initializerl as follows: MFL = (self.father.MwL)- 1 · self.MwL·
This function returns the unique index of the kinematic object in its father's
offspring. In case this function would violate the tree-structure, '-1' is returned.
• 'getfirstchild():integer' and 'getnextchild(i:integer):integer' for retrieving the indices of the kinematic object's children.
• 'getchild(i:integer):kinematic' for retrieving the child with index i.
• 'ancestor(i:integer):kinematic' for retrieving the ith ancestor of the kinematic object
(0 represents the kinematic object itself, 1 its father, 2 its grandfather, etc.).
• 'disconnect():void' for removing the kinematic object from its father's offspring.
• 'promote():void' for promoting the kinematic object to be the root of the hierarchy
(i.e. the element linked directly to basis W). This may be useful, e.g. for
implementing a walking figure where the left and right feet will be alternatively
root of the hierarchy. This procedure is implen.ented as follows (in pseudo-code):

promoteO :void
begin
if "father does not exists"
-+ skip
Il no fathe~: the kinematic object is already root
[J "fathar exists"
-+ geometry temp = father;
father.promote();
Il now father is the root of the hierarchy
disconnectO;
Il remo\e the object from father's offspring
temp. childof (self) ;
Il now the kinematic object is root
end
Kinematics
For performing kinematic behavior class kinematic supports one rr.ethod: 'step():void'.
In the implementation of this method transform M is used, which defines the specialized relative motion of the various joints. Furthermore, the motion specified by
transform M is given in a basis of a certain geometry, say frombasis. Method step is
implemented as follows:
MFL := self.father.Mw1L · frombasis.MwL · M · frombasis.Mw1L · self.MwL·
Notice tha t the right-hand expression can be seen as a matrix transformation which
expresses the effect of M in my father's base.
For some cases this expression can be simplified:
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• frombasis=self (M is given in local coordinates):
(self.father.M\:l}L · frombasis.MwL) = MFL and (frombasis.Mw1L · self.MwL)
1, thus:
MFL := MFL. M

=

• frombasis=self.father (M is given in father coordinates):
(self.father.Mw1L · frombasis.MwL) = 1 and (frombasis.Mw1L · self.MwL) = MLF,
thus:
MFL :=M. MFL
• frombasis.MwL=I (Mis given in world coordinates):
MFL := self.father.M\:l}L · M · self.MwL
Inverse Kinematics
Inverse kinematic behavior is specified by means of a sight-point and a target-point.
The motion of the element consists of moving the sight-point as closely as possible
to the target-point. In Figure 6.17 the sightpoint and targetpoint are named s and
t, respectively. For specifying the sight-point and the target-point class kinematic
supports the following methods:
• 'sight(g:geometry;index:integer):void' for specifying that the sight-point of the
kinematic object is the indexth point of geometry g. Note that it is not required
that the sight-point is one of the points of the kinematic object itself.
• 'target(g:geometry; index:integer) : void' for specifying the target-point.
For performing inverse kinematic behavior class kinematic supports one method: 'follow() : void'. This method will be redefined by the specialized elements that are
defined in the following sections.

6.8.2

Prism

A prism is an element whose restricted relative motion consists of a translation (see
Figure 6.18 for a drawing of a prism element). Class prism supports the following
methods:
• 'init(d:real; v:vector; frombasis:geometry):void' for specifying translation direction
(argument v), which is given in local coordinates of geometry frombasis. Furthermore, d specifies the distance that will be used for one kinematic step.
• 'direction(v : vector;frombasis : geometry) : void' and 'direction(tobasis: geometry)
: vector' for setting and retrieving the translation direction.
• 'distance(d:real):void' and 'distance():real' for setting and retrieving the translation distance of the kinematic motion .
Kinematic motion step will t ranslate the prism object along its translation direction
over distance d. The inverse kinematic motion follow translates the prism is such a
way that the distance between the sight-point and the target-point wil! be minimized.
The prism element supports some methods to control this motion:
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• 'range(min,max:real):void', 'minrange():real', and 'maxrange():real' for setting and
retrieving tr.e range of allowed positions of the prism object.
• 'velocity(min,max:real):void', 'minvelocity():real', and 'maxvelocity():real' for setting and retrieving the m.11imum and maximum velocity of the prism object.
• 'acceleration(min,max:real) : void', 'minacceleration() : real', and 'maxacceleration() : real' for setting and retrieving the minimum and maximum acceleration
of the prism object.

prlsm

Figure 6.13: 3-D view of a prism element
Example 6.19 shows how a prism may be used - as an attribute - to implement a
camera-trolley that can move over a straight rail. Furthermore, this camera-trolley
will autornatically follow a specified geometry by translii.ting over this rail. Figure 6.20
is a graphical representation of this configuration.
Example 6.19 : Automatical Camera Movement
clan trolley
public
init(c:camera) : void; Il camera c ia put on a trolley
follov(g:geometry;i:index) :void; Il the trolley vill follov geometry g
stop() :void ; Il atop the follov motion
private
c. ..,.ot..follov() :void i // provide11 continuoue follov motio"
p : priem; / I provide111 the movement of the trolley
folloving : boolean; Il indicatea vhether the trolley ia folloving g
a : array[topology)); Il the topologieo of the trolley
implementation
init(c:camera} :void

begin
folloving : •falae; Il initially .he trolley i• not folloving g
nev(p); p . read3dfile("trolley" ,a);
p . basia(c. eye(), c .dirO, c.hor() ,c. up());
// gia.ke a nev priem vhoae baaia ia identical to the ba1i11 of c
p . init(1,c.hor() ,-1);
// the trolley may move in the horizontal direction of c
c.ca.rrier(p);
11 attacb the camera to the priam
end;
follov(g :geometry; i: index): void
begin
i'olloving: •true; / / the trolley at arts folloving
p . sight(p,O);
p.target(g,i);
11 the center of the camera ia aimed at point i of geometry g
•cont..lollovO : // start conti.nous follow motion of trolley

end;
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otop(): void

begin
folloving:•falae; // 11top continoue tollov motion of trolley

end;
contJollov(): void

begin
while folloving do// until an explicit stop
begin
p.follov(); Il trolley follovs geometry g
aynchronlze;
end
end;
endcla.ee;
0

trolley

Figure 6.20: Top-view of the camera attached to the prism trolley

6.8.3

Revolute

A revolute is an element whose restricted relative motion consists of a rotation (see
Figure 6.21 fora drawing of a revolute element). Class revolute supports the following
methods:
• 'init(ang:real; a:axis; frombasis:geometry):void' for specifying rotation axis (argument a), which is given in local coordinates of geometry frombasis. Argument
ang specifies the angle that will used for one kinematic step.
• 'axis(a : axis; frombasis:geometry) : void ' and 'axis(tobasis:geometry)
setting and retrieving the rotation axis.

axis' for

• 'angle(a:real):void' and 'angle():real' for setting and retrieving the rotation angle
of the kinematic motion.
Kinematic motion step will rotate the revolute object around its rotation axis over
angle degrees. The inverse kinematic motion follow rotates the revolute in such a way
that the distance the sight-point and the target-point wil! be minimized. Similar to
class prism, class revolute supports methods range, velocity, and acceleration to control
the calculation of this rotation angle.
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revolut.

Figure 6.21: 3-D view of a revolute element

6.8.4

Cylinder

A cylinder is an element whose restricted relative motion consists of an independent
translation and rotation over one axis (i.e. the translation direction is identical to
the direction of the rotation axis) . Hence, a cylinder element can be considered as an
independent combination of a prism and revolute object (see Figure 6.21 fora drawing
of a cylinder element). Class cylinder supports the following methods:
• 'init(d,ang:real; a:axis; frombasis:geometry):void' for specifying the axis (argument
a), which is given in local coordinates of geometry frombasis. Arguments d and
ang specify the translation distance and rotation angle that will be used for one
kinematic step.
• 'axis(a : axis; frombasis:geometry) : void ' and 'axis(tobasis:geometry) : axis' for
setting 1.nd retrieving the axis.
• 'distance(d:real):void' and 'distance():real' for setting and retrieving the translation distance of the kinematic motion.
• 'angle(a:real):void' and 'angle():re?I' for setting and retrieving the rotation angle
of the kinematic motion.
Kinematic motion step will rotate the cylinder object around its rotation axis over angle
degrees, while it will simultaneously translate the object along its translation direction
over distance d. The inverse kinematic motion follow translates and rotates the cylinder
in sur.h a way that the distance between the sight-point and the target-point will be
minimized. The calculation of the rotation angle and translation distance may be
controlled by the following methods:
• 'range (r.: : integer; min,max : real) : void', ' minrange (nr : integer) : real', and
'maxrange (nr: integer) : real' for setting and retrieving the range of the cylinder
object (nr=C sets/retrieves the range of the translation; nr=l sets/retrieves the
range of the rotation )24 .
24 Note that the Looks programmer will typically use more meaningful names for argument nr, e.g.
'object distance,angle :integer; distance:=O; angle:=l; '. Now the range of the angle may be specified
as follows: 'range(angle.-90,90);'.
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• 'velocity(nr:integer; min,max:real):void', 'minvelocity(nr:integer):real', and 'maxvelocity (nr:integer):real' for setting and retrieving the minimum and maximum
velocity of the rotation and translation.
• 'acceleration(nr : integer; min,max : real) : void', 'minacceleration(nr : integer)
: real', and 'maxacceleration(nr : integer) ·: real' for setting and retrieving the
minimum and maximum acceleration of the rotation and translation.

cylinder
Figure 6.22: 3-D view of a cylinder element

6.8.5

Helix

A helix is an element whose restricted relative motion consists of a coupled translation
and rotation over one axis (i.e. the translation direction is identical to the direction of
the rotation axis). Hence, a helix element can be considered as coupled combination
of a prism and revolute object (see Figure 6.23 fora drawing of a helix element). Class
helix supports the following methods:
• 'iniLturns(pitch,turns:real; a:axis; frombasis:geometry):void' for specifying the axis
(argument a), which is given in local coordinates of geometry frombasis. Argument pitch specifies the translation distance of one complete rotation . Argument
turns specifies the number of rotations that will be carried out during one kinematic step (the translation distance of the kinematic motion will be calculated
using the pitch).
• 'iniLdistance(pitch,d:real; a:axis; frombasis:geometry):void' for specifying the axis
and pitch. Argument d specifies the translation distance that will be carried out
during one kinematic step (the rotation angle of the kinematic motion wil! be
calculated using the pitch).
• 'axis(a : axis; frombasis:geometry) : void' and 'axis(tobasis:geometry) : axis' for
setting and retrieving the axis.
• 'pitch(p:real):void' and 'pitch():real' for setting and retrieving the pitch of the
helix element.
• 'distance(d:real):void' and 'distance():real' for setting and retrieving the translation distance of the kinematic motion.
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• 'turns(t:real):void' and 'turns():real' for setting and retrieving the number of rotations the kinematic motion.
The kinematic and inverse kinematic motions of a helix are similar to the motions of a
cylinder. The only exception is the calculation of the angle and distance in the inverse
!<inematic motion follow: this calculation has to take into account that the rotation
and tran.;lation are coupled. Controlling this calculation is similar to class cylinder.

helix
Figure 6.23: 3-D view of a helix element

6.8.6

Plane

A plane is an element whose restricted relative motion consists of two independent
translations ad one rotation (with rotation axis perpendicular to the translation
directions). Hence, a plane element can be considered as independent combination
of two prism objects and one rev:.ilute object (see Figure 6.24 fora drawing of a plane
elemePt). Class plane supports the following methods:
• 'init( dO,dl : real; tO,tl : vector; frombasis : geometry; g : geometry; index : integer;
ang : real) : void' for specifying the spanning vectors of the plane, both are given
in local coordinates of geometry froml:.asis, and one of the points of the plane
(this poin•. is specified by means of geometry g and integer index - this point
partly defines the rotation axis of the plane) . Arguments dO, dl, and ang specify
the translation distances and rotation angle tha•. will be used for one kinematic
step.
• 'distance{nr:integer;d:real):void' and 'distance(nr:integer):real' for setting and retrieving the translation distances and the rotation angle of the kinematic motion;
argument nr is used as follows:
nr=O : first translation distance
nr=l : second translation distance
nr=2 : rotation angle
• 'position(frombasis:geometry;index:integer) : void' and 'position(tobasis:geometry):
point' for setting and retrieving the position.
• 'direction{nr : integer; v : vector; frombasis:geometry) : void' and 'direction(nr
: integer; tobasis:geometry) : vector' for setting and retrieving the translation
directions (O~nr < 2).
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• 'axis(tobasis:geometry):axis' for retrieving the rotation axis.

Figure 6.24: 3-D view of a plane element
Naturally, the two translations may be combined into one joint translation. This
joint translation and the rotation of the plane are independent, which results in an
underspecified kinematic motion. This is demonstrated in Figure 6.25, which shows an
initia! situation, the situation after a translation and a subsequent (clockwise) rotation,
and the situation after a rotation and a subsequent translation. Consequently, the
order of translation and rotation has to be specified for each plane. For this purpose
class plane supports methods 'translatefirst {b:boolean) : void' and 'translatefirst()
boolean' for setting and retrieving whether the translation precedes the rotation.

initial

translate/
rota te

rotate/translate

Figure 6.25: The effect of the order of translation and rotation
The inverse kinematic motion of a plane has to cope with underspecification: if the
sight-point has reached the target-point, the plane element may rotate around the axis
through the sight-point. This is demonstrated in Figure 6.26, which shows an initia!
situation of a target-point t and a plane with sight-point s; this figure also shows two
solutions for the inverse kinematic motion that moves the sight-point of the plane to
target-point t (many other possible solutions exist).
This underspecification may be removed by specifying a (new) sight-point (sighLairn)
to be aimed at a (new) target-point (targeLaim). From these two points, a rotation is
derived (cf. a revolute) such that the angle L(sight..aim,sight,targeLaim) is minimized.
For specifying these two points class plane supports the following methods:
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i.r'li. t 1.a1

eo1uti.on 1

eo1uti.on 2

Figure 6.26: Underspecification of the inverse kinematic motion
• 'sight...aim (g:geometry; index:integer) : void' for specifying the aiming sight-point.
• 'targeLaim (g : geometry; ind(x : integer) : void' for specifying the aiming targetpoir..t.
Figure 6.2ï '>hows how an aiming sight-point and an a1mmg target-point specify a
uniquc inverse kinematic motion. Finally, controlling the calculation of the rotation
ta

t

initial

ta

unique solution

Figure 6.27: Unique inverse kinematic motion
11.ngle and translation distance is similar to class cylinder.

6.8. 7

Sphere

A sphere is an element whose restricted relative motion consists of three rotations
around axes that have one rotation point in common. Hence, a sphere element can be
considered as combination of three revolute objects. Class sphere supports the following
methods:
• 'init(g:geometry; ' idex:integer; dir,up:vector; frombasis:geomet y; ang0,angl,ang2:
real) : void' for specifying the sphere: the rotation point of the sphere specified by
means of geometry g and integer index). Argument dir specifies the main axis of
the sphere, while up specifies a direction in the plane perpendicular to dir (note:
up does not have to be perpendicular to dir, because it is projected automatically
onto the plane perpendicular to dir); both vectors are given in local coordinates
of geometry frombasis. Arguments angO, and angl spLcify a 'spherical ' rotation 25 .
26 Consider orthonormal base (hor,up,dir), with hor = up x dir (note: up and dir are normalized
automaticaJly by method 'init'). The rotation angles angO and angl specify the rotation that trans-
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Argument ang2 specifies a rotation (twist) around the axis through the rotation
point and the origin of the sphere.

• 'position(frombasis:geometry;index:integer): void' and 'position(tobasis:geometry):
point' for setting and retrieving the common point of the axes.
• 'direction(nr:integer;v:vector;frombasis:geometry) : void' for setting dir and up
(0$nr< 2; nr=O specifies vector dir, nr=l specifies vector up).
• 'direction(nr:integer;tobasis:geometry) : vector' for retrieving vectors dir, up, and
hor (0$nr< 3; nr=2 retrieves vector hor).
• 'angle(nr:integer;aTig:real):void' and 'angle(nr:integer):real' for setting and retrieving the rotation angles (0$nr< 3).

Figure 6.28: 3-D view of a sphere element
Similar to class plane, the order of the 'spherical' rotation and the twist may affect the
final situation. This order may be specified by means of methods 'twistfirst (b:boolean)
: void' and 'twistfirst() : boolean' for setting and retrieving whether the twist precedes
the 'spherical' rotation .
The inverse kinematic motion of a sphere also has to deal with underspecification.
Again this is solved by introducing methods for an aiming sight-point and targetpoint.
Finally, the calculation of the angles of the 'spherical' rotation and twist is controlled
in a way that is similar to class cylinder (nr=O controls the angle for the 'spherical'
rotation; nr=l controls the angle for the twist).
forms (0,0,1) to (sin(angO)sin(angl),sin(angO)cos(angl),cos(angO)). In other words: angO specifies
the angle between dir and the position vector of this new point, and angl specifies the angle between
up and this position vector.
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Isomorph

A isomorph is a rather peculiar element, in the sense that its motion is not restricted
and can therefore not be specified by means of a constant transform M. The kinematic
motion of a isomorph element, i.e. method step, is based on integration for position and
velocity. Class isomorph supports the following methods to contra! this integration:
• 'init( v,a:vector;frombasis:geometry):void' for specifying the velocity and acceleration, both vectors are given in local coordinates of geometry frombasis
• 'velocity( v:vector;from basis:geometry) :void' and 'velocity( tobasis:geometry) :vector'
for setting and retrieving the velocity.
• 'acceleration(a : vector; frombasis : geometry) : void' and 'acceleration(tobasis :
geometry) : vector' for setting and retrieving the acceleration.
Besides kinematic motion based on integration, as carried out by method step, class
isomorph also supports three other methods to perform kinematic motions:
• 'translate(d:real;v:vector;frombasis:geometry):void' for translating the isomorph object along vector v over distance d.
• 'rotate(ang:real;a:axis;frombasis:geometry):void' for rotating the isomorph object
around axis a over angle ang.
• 'scale(f:real; frombasis:geometry; index:integer):void' for sealing the isomorph object with factor f with point index as the origin of the scale operation.
The inverse kinematic motion of class isomorph, i.e. method follow, simulates that
the sight-point and the target-point are connected by a damped spring (this motion is
based on function move() in [Ov91]}; it may be controlled by means of two parameters:
• 'spring(s:real):void' and 'spring():real' for setting and retrieving the spring constant (this constant specifies that, in case of a fixed target-point, the sight-point
reaches the target-point in approximately s steps).
• 'damping(d:real):void' and 'damping():real' for controlling the damping.
Class isomorph supports a second inverse kinematic motion that is similar to the aim
functionality of classes plane and sphere (this motion is based on function follow() in
!Ov91]). This motion may be controlled as follows:
• 'sighLaim (g:geometry; index:integer) : void' for specifying the aiming sight-point.
• 'targeLaim (g : geometry; index : integer) : void' for specifying the aiming targetpoint.
• 'steps(s:integer):void' and 'steps():integer' for setting and retrieving the number
of steps in which the sight_.a.im should be aimed at targeLaim.
• 'aim():void' for performing one step of the aim motion of a isomorph.

Chapter 6. Class Library

144

6.9

Dynamics

As introduced in Chapter 1 the technique of dynamics deals with supplying animated
bodies with masses and applying forces to these bodies in order to make them move.
This section presents class dynamîc, which is a geometry that has a mass and which
supports methods for applying forces. This section also presents classes for constraints
between such dynamîc objects. The (dynamic) motion and constraint solving are both
computed by means of an algorithm that is based on relaxation; the mathematica!
foundation of this algorithm can be found in [Bar94]. Again it should be noted that
this section is not intended to elaborate on the various (mathematica!) approaches
to deal with dynamics in computer animation; it merely presents a way to specify
dynamics in an object-oriented environment that is based on localîzatîon (i.e. the
Looks programmer does not have to deal explicitly with dynamics and constraints:
these calculations are carried out automatically by the GDP).
Class dynamîc is basically a collection of points that have a mass. Therefore, class
dynamîc has inherited from class geometry. By default, points will have a unit mass.
For the calculation of the motion due to the inertia each dynamîc object has a private
basis containing the main inertial axes. This basis is updated automatically whenever
it may be violated, e.g. when new points are added or when the mass of a point is
updated. Class dynamîc supports the following methods:
• 'mass(î:înteger;m :real) :voîd' and 'mass(î:înteger) :real' for setting and retrieving the
mass of the point with index î.
• 'velocîtydampîng(v:real):voîd' and 'velocîtydampîng():real' for setting and retrieving the velocity damping factor. With this factor the motion due to inertia will
have dissipation (i.e. lose kinematic energy over time). For example, a damping
factor of 1.0 will result into a continuous motion of the dynamîc object once a
force is applied to it, whereas adam ping factor of less then 1.0 will result into a
motion that gets slower over time.
• 'relax(n:înteger):voîd' and 'relax():înteger' for setting and retrieving the (maximum) number of relaxation steps that wil! be used to restore rigidness (which
may have been violated by motion due to discretization of the motion equations,
see [Bar94]).
• 'applyforce(i:integer;f:vector):void' for specifying that a force, characterized by
vector f, should be applied to the dynamîc object at the point with index î. Note
that this force is applied during exactly one time step.
The constraints between the dynamîc objects have one common base class: constraint.
This class supports the following methods:
• 'actîve(a:boolean):voîd' and 'actîve():boolean' for setting and retrieving the state
of the constraint.
• 'relax(nr:integer):void' and 'relax():înteger' for setting and retrieving the (maximum) number of relaxation steps that wil! be used to satisfy the constraint.
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• 'maxforce(f:real):void' and 'maxforce():real' for setting and retrieving the maximum force that may be used to solve the constraint. If during the calculation
of the constraint a force occurs that exceeds this maximum value, the constraint
will become inactive and as a result the motion of the associated objects will
develop as if the objects break loose.
The following specialized constraints are supported:
1. ptp

This constraint is used to specify that two points (one of which should be a point
of a dynamic) are required to have the same coordinates. Class ptp supports the
following method:
• 'init(d:dynamic; il:integer; g:geometry; i2:integer) : void' for specifying that
the ilth point of d should be connected to the i21h point of g. Note that
g may be a geometry, a (specialized) kinematic object, or another dynamic
object.
2. linehinge
This constraint is used to specify that two combinations of two points are required to have the same coordinates per combination26 . Class linehinge supports
the following method:
• 'init(d:dynamic; il,i2:integer; g:geometry; i3,i4:integer) : void' for specifying
that the ilth point of d should be connected to the i31h point of g and that
the i2th point of d should be connected to the j4th point of g.
The calculations necessary for dynamics motion are carried out automatically in the
main loop of the GDP. For this purpose, the main loop is modified as follows:
do true
"process asynchronous messages"
"event handling";
"restore WL-invariants";
"dynamics" ;
"garbage collection";
"rendering";
"parsing";
od;
-+

The calculation of the dynamics motion, mainly consists of the following stages:
for each dynamical object
calculate main axes of inertia (if necessary)
apply motion due to inertia
restore rigidness (relaxation)
26 Natura.lly, a linehinge can be considered as a. combination of two ptp constraints. However, this
introduces an extra. degree of freedom between the two forces concerned: components of the two
forces along the line hinge, but in different directions, cancel each other. This may result in instable
calcula.tions. To overcome this problem, a specialized linehinge should be used whenever two dynamic
objects should be connected by means of two point-pairs.
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for each relaxation step
for each active constraint
estimate constraint f orces
for each dynamica! object
calculate motion due to constraint farces
restore rigidness (relaxation)

Chapter 7
Sample Animation
7 .1

1ntroduction

This chapter shows how some of the topics that have beer. discussed in the previous
chapters can be combined to create an animation. The following topics are covered by
this sample animation:
• Looks constructs: object-orientation, asynchronous message, synchronize
• Inverse kinematics
• Direct manipulation
• Camera initialization
The next sr.-:tion contains a synopsis of the sample animation. The actual (annotated)
Looks script of the animation is presented in Section 7.3. Several frames of this
animation can be found in Se-.:tion 7.4.

7 .2

Synopsis

The animation consists of an array of kite-shaped objects which have to follow each
other, whîle they are trying to orient in the direction the are moving. Furthermore,
the first of these kite objects can be controlled by means of direct manipulation. The
geometry and topology (i.e. a single polygon) of such a: kite object are shown in the
next figure.

••

Figure 7.1: Geometry and topology of a kite
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Now the motion conditions of a kite object can be specified more precisely:
1. the point with index 0 of a kite has to follow the point with index 2 of the next

kite in the array
2. the main axis of a kite, i.e. the line through point 0 and point 2, should follow
the main axis of the next kite in the array
Furthermore, there are some motion constraints with respect to the magnitudes of
velocity, acceleration, and angular motions of the kites.
lnitially, the last kite wil! follow the first one. It should be clear that in this case the
two conditions of the motion specification cannot be fulfilled.

Script

7.3

11 ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

11 'max' contains the number of kites
11 ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
object max : integer; max:=10;
11 ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
// initialization of a window and a canvas

11 •••••••••••••••••••••••••••••••••••••••*••••••••••••••••••••••••••••••••••••••••••••••••••••

object win:window; new(win); win . open();
win.position(50,50); win.size(400,400);
11 the window is ready to take part in the GUi
win.manage(true);
11 the canvas is a child of the window and is also ready to take part in the GUi
object can:canvas; new(can); can . childof(win); can.manage();
11 ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
/ / init.ialization or a

camera

11 ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

object eye:point; new(eye); eye . init(0,0,-600);
object dirvec:vector; new(dirvec); dirvec.init(0,0,1);
object upvec:vector; new(upvec); upvec.init(0,-1,0);
object cam:camera; new(cam);
11 the camera is located at (0,0,-600) a nd looks along the positive z..axis; (0,-1 ,0) indicates
II the top of the camera

cam.eye(eye); cam . up(upvec); cam.dir(dirvec);
II

the camera has a field-of-view of 75 d egrees

cam.fov(75);
11 the camera sees every object at a distance between
cam . near(l); cam . far(10000);
// the camera shows its image in canvas 'can'

ca.m.init(can);

1 and 10000
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11 ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

11 'rainbow' contains the three possible colon: of a kite
11 ••••••••••••••• •••••••••••••••••••••••••••••••••••••••••••••••••..,•••••••••••••••••••••••••••

object rainbow :

array[color]; new(rainbow); rainbow.size(3);
rainbow.set(1,green); rainbow.set(2,blue);

rai~bow.set(O,red);

11 •••••••••••,.."t::•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

11 'kites' contains the geometries of all kite objects (h . reverse order)
11 note: due to the desired motion, every kite is a plane joint
11 ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

obj eet kit.es

array[plane];

~ew(kites);

kites.size(ma.x);

11 ••••••••••••••••••••••••••••••••••••••••••• '**••••••••••••••••••••••••••••••••••••••••••••••

11 'topar' contains the topologies of all kite objects; because every kite can have several topologies,
11 the type of 'topar' is arra.y(array[topology)).
I / •••••••••••••••••••••••••••••••••••••••••••••••· ••••••••••••••••••••••••••••••••••••••••••••

object topar:array[array[topology]]: new(topar); topar.size(max);
11 ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

11 initialization of 'kites' and 'topar' (i.e.

the geometry and topologies of each kite)

I / ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

object i : integer; object k
plane; object topo:topology;
object ta : nray[topology]; object a : attribute;
i := O;
while i.lt(max) do
begin
nuw(k); new(topo); new(ta);
II

ta.size( 1) indicates that each ki te bas only one topology

ta.size(1);
II

ta.se~(O,topo);

read geometrical and topological information for each kite

k.read3dfile("kite",ta);
11 specify the color for each

kite

new(a); a . color(rainbow.get(i.mod(3))); topo.attribute(a);
11 specify that each kite is re'1dered
11 calculation is performed)

using only its color (i.e. no illumin"tion

topo.illuminationmode(O);
11 register the topoloi,Y of each kite at the camer1o; as a
II

result the camera will

render these topologies

C"Ull.addtopology(topo);
11 store geometrical and

topological information in 'kites' and 'topar'

kites.set(i,k); topar.set(i,ta);
i
i.plus(l);
end;
11

~

1 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •

// initialization of the motion parameters of each kite

I / ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
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object W : geometry; new(W);
object tO
vector; new(tO); t0.init(1,0,0);
object t1 : vector; new(t1); t1.init(0,1,0);
object p: point; new(p); p.init(0,0,0); W.addpoint(p);
i:=O;
while i.lt(max) do
begin
k:=kites.get(i);
11 each kite is initially positioned at the origin
11 Ea.ch kite is allowed to move in the Z=O plane, specified by geometry W and index 0
11 A kinematics.'step' will result in a translation over (2,2,0) and a rotation
II around the Z-a.xis with 2 degrees

k.init(2.0, 2.0, tO, t1, W, W, 0, 2.0);
11 velocity constraints (for inverse kinematics)
11 0: translation velocity bounded by -20 and 20
II

1: angular velocity bounded by -IO and 10

k.velocity(0,-20,20); k.velocity(i,-10,10);
11 acceleration constraints (for inverse kinematics)
11 0: translation acceleration bounded by -10 and 10
II

1: angular acceleration bounded by -5 and 5

k.acceleration(0,-20,20); k.acceleration(l,-5,5);
//the sight-point. of each kite is its point with index 0 (note: an inverse kînematics
// 'follow' tries t.o move the kite in such a way that its sight-point reaches a

II designated

target-point)

k.sight(k,0);
11 the sight..aim-point of each kite is its point with index 4 (note: an inverse kinematics
11 'follow' tries to rotate the kite around its sight-point in such a way that the angle
// bet.ween the sight..aim-point.1 the sight-point, and a designated targeLaim-point is minimized)

k.sight_aim(k,4);
11 the target-point of each kite is the point with index 2 of the next kite in array ' kites'
k.target(kites.get(i .plus(l) . mod(max)),2);
11 the target..aim-point of each kite is the point with index 0 of the next kite in array 'kites'
k.target_aim(kites.get(i.plus(1).mod(max)),0);
11 the rotation of each kite is performed before its translation
k.translatefirst(false);
i
i.plus(1);
end;
11 ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

11 initializalion of a

3-D cursor

11 ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

object cur:cursor; new(cur);
11 the cursor is attached

to camera •cam\ meanlng that the c ursor can be used to control the

11 animation via the canvas associated
cur.init(cam);
11 the cursor is placed at the (0,0,0}
cur.position(p);

with 'cam'
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11 the cursor is allowed to

move in the plane perpendicular to the Z-axis

cur.main(2); cur.construction(false);
11 ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
11 definition of class ' mover' which

performs the continuous inverse kinematics motion of all kites;

/ / class 'mover' also impl'!ments the direct manipulation of the first ki te

11 •••••••••••••••••••••••••••••••••••••••••••••••ir.••••••••••••••••••••••••••••••••••••••••••••

class mover
// class

inhe~it

1 mover ~

has to handle events, therefore it haa inherited. from class 'responder'

responder()

public
11 ir it ializat ion of event-handling

initO

void;

// continuous inverse kinematics motion of all kites

motion() :void;
private
11 position of the 3-D cursor at the laat event

prev_p :

point;

II indices of target and target..aim in geomet ry W

t,ta : integer;
implementation
initO
vt.id;
mouse._event;
var mouse
begin
II a.dd target point and target..aim point to geometry W

nevv(prev_p); t:=W.addpoint(prev_p);
nevv(prev_p); ta:=W.addpoint(prev_p);
/ / create a new mouse_event

new(mouse); mouse.motion(true);
//

1

mover 1 is only interested in motion events

11 and only if they are genera.led

in canvas 'can'

mouse. ad i(can);
11 note:

method watch is inherited privately, th1 refore a. prefix is needed

responder:watch(mouse);
// lprev_p 1 is initiafr~~ed with the current position of the cursor

prev_p :=cur . location();
end;
slave:eventhandler(e:event)
11 method 'eventhandler
I / a. motion event occun.

1

var me
begin

void

is invoked automatica.lly whenever
in canva.s 'can'

p,pp

mouse _~vent;

point; k

plane;

11 (checked) assign event 'e' to mouse_event 'me'; this assignment will alwa.ys
11 succeed because •mover is only interested in mouse movements
me ?= e;
11 the first kite only follows the 3-D cursor if the mouse was moved while button 0
1

II was pressed
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if me .mouse().button_down(O)
begin
11 'k'

is the first kite

k := kites.get(max.minus(1));
11

'p' is the current position of the 3-D cursor 'cur'

p:=cur.position();
// store this posîtion in geometry 'W' at position 't'

W.getpoint(t).init(p .get(O),p.get(1),p.get(2));
// the new target of the first kite is the current position of cursor 'cur'

k.target(W,t);
11 the first kite should be aimed in the same direction as the last cursor motion;
11 therefore the target.aim point can be computed by adding the displacement
11 of the cursor (p-prev.p) to the current position of the cursor

pp :=p.plus(p.minus(prev_p));
// store this position in geometry 1 W' at position 'ta'

W.getpoint(ta).init(pp.get(O),pp.get(1),pp.get(2));
// the new target_a.im of the first kite is stored. in 'W' at position 'ta'

k . target_aim(W,t);
// store the position o f the cursor

prev_p:=p;
end
end;
motion() :void
var i
integer;
begin
11

never-ending repetitio n

while true do
begin
II

the first kite moves fint

i :=max.minus(1);
II every

kite has to move

while i.ge(O) do
begin
// kite with index 1 i' performs its inverse kinema.tics motion

kites.get(i) . follow();
i :=i .minus(l);
end;
// when every kite has performed its inverse kinematics motion , events are

11 handled,

and subsequently a new frame is drawn

synchronize;
end;
end
endclass;
11 ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
// declacation and initiaJization of a 1 mover' object; start of the animation

11 ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
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object mov:mvver; new(mov);
l linitialization of the event-handling

mov.init();
11 a.synchronoi>s message to start the animation

•mov .motioi.O;

7.4

Frames

This section contains some frames of the animation that is specified in the previous
section. Tle first 70 frames show how the auimation evolves from its initia! configuration: gradually the kites prrform a circular motion. At frame 70 the 3-D cursor
starts to movf' (the cursor is not shown in thefe frames). Immediately, the first kite
starts to follow the cursor; consequently, the others will follow too. The cursor moves
from the center (fraille 70) to the bottom-left part of the screen (frame 100), makes
a turn (frames 105-120), and moves to the top-right part of the screen (frame 160),
"'here it stops. As can be seen from the frames lC.5-195 all kites gradually connect to
each other anè also get the same direction, tb.ereby fulfilling the two conditions of the
motion specification.
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This animation runs on a Sun Spare-Station 5, with a Solaris 2.4 operating systcm
and ZX graphics accelerator, at 2~ frames per second.
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Chapter 8
Conclusions and Future Work
8.1

Applications and Conclusions

The work presented in this thesis is based on the observation that in cur;ent animation
and simulation systems the animation tasks are tightly coupled to the other tasks of
an application, e.g. the actual simulation calculations. As a result, programs for
such systems tend to be complex because of the interleaving of the various tl\Sks.
Furthermore, the u.mally complica.ted motion calculations of the animation tasks will
slowdown the performance of the system.
Chapter 2 introduces an animation system, the Generalized Display Processor (GDP),
that does take into account this decoupling of animation tasks and other tasks of an
application. Of course there has to be some communication from the application to
the GDP. For this purpose the script-language Looks is clesigned (Chapkr 3).

8.1.1

Applications

The combination of GDP and Looks has been used in context of the DenK project
(Section 1.1) to implement Winograd's SHRDLU [Win72], a program that can reason about a world r,onsisting of geometrical objects. In contrast to SHRDLU, the
geometrical objects in the DenK system may have autonflmous behaviour. In this
example the GDP is used to moàel and visualhe tre world; the application of the
GDP, i.e. the DenK cooperative assistant, may send commands (e.g. "translate cube
cl to position pl in 5 seconds") or questions (e.g. "how many cubes are blue?") to
the GDP. Recently, a mor3 involved application domaln for the DenK project has
been realized: the dev~lopment of a multi-modal interface for an electron microscope
[BF95] . Eir this application, the GDP has to simulate the geometrie attri'mtes (lens
positions, slits, diaphragms in th.; microscope), 3" well as the i;eometric boundary of
the electron beam as it propagates through the lens system. In this simulation, both
visualisation and interaction were implemented by the GDP.
Another environment where the GDP and Looks have been used is the visualization
of distributed algorithms, in particular commurication protocols. In tt.is context the
application is a sirn•1lator for distributed algorithms [Gli94] that uses the GDP to
visualize their behavi0ur [Sch94]. Furthermore, the interactior facilities of the GDP
are used to control the simulation, e.g. to specify that simulated processors have
crashed, that simulated packets are lost, etc.
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The GDP and Looks have also been used as a system for modeling features, which
are defined as physical parts of a product that are mappable to generic shapes, and
that have functional significance [KDB95]. Examples of such features are holes, slots,
stiffeners. In Looks, generic features are specified as classes, feature instances as
objects. Furthermore, a hierarchy of generic features can be built, and extended
run-time, using the GDP interpreter. For this modeling system system-classes for
feature-constraints and feature-shapes have been added to the GDP.
Currently, the GDP is used as an environment to model railroad yards. This environment is to be used in the context of an introductory course in technica! applications
of computer science at the Eindhoven University of Technology [SO].

8.1.2

Conclusions

The experiments with the GDP and Looks indicate that the decoupling of animation
tasks and other tasks of an application is a fruitful approach in a variety of circumstances. Furthermore, these experiments also indicate that a script-language that is
based on object-orientation in combination with quasi-parallelism is very well suited
for specifying the animation tasks.
Another result of these experiments is that the performance of the GDP prototype is in
some cases insufficient. This is mainly caused by the fact that several design decisions
that underlay the current implementation of the GDP emphasised on functionality and
a clean programming style rather than utmost performance. Profile information of the
GDP reveals that much time is spent on constructors and destructors of C++ objects,
therefore implementing a smart allocation strategy for these objects will improve the
performance of the GDP considerably. The profile information also indicates that
the simple mark-and-sweep garbage collection mechanism, as presented in Section 5.3,
causes only a small overhead.
As explained in Section 3.5, Looks requires that all public inherited features are named
explicitly in the class definition of a descendant in order to facilitate 'self-documenting'
classes. The rationale bebind the inclusion of this requirement was that the estimated
overhead of naming the public inherited feature-names was small compared to the
rest of a class-definition. It turns out that for several classes of the class library from
Chapter 6 this is not true. Consequently, this requirement may be absent in a next
version of Looks.
The object-oriented implementation of abstract syntax trees and their evaluation functions, as presented in Section 5.2, bas proven to be very useful for implementing an
interpreter. Especially in combination with run-time library linking, it provides for a
simple mechanism to extend the functionality of an interpreter.

8.2
8.2.1

Future Work
Multi-Processor System

As presented in Section 3.3.4, the concurrency mechanism of Looks is based on multiprogramming, i.e. on a single-processor system. An interesting direction for future
work consists of adapting the GDP toa multi-processor system in order to improve the
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processing power of the GDP. Naturally, this may have some effect on the semantics
of Looks. Especially because it would allow for real parallel exec.ution of asynchronous
messages.
But 1wen without parallel eY.ec:.1tion of asynchronous messages, a multi-processor systcm may be useful for the GDP. For example, in a system containing 3 processors, the
various elements of the "main loop" of the GDP can be attributed to the processors
in the folluwing way:

1. "process asynchronous messages"
"event handling";
"restore WL-invariants";
"dynamics";
"parsing";
2. "rendering";
3. "garbage col!ection";
The first processor deals with parsing and interpreting a Looks script, the second
processor renders the various frames, and the third processor collects the garbage
created by the interpretation. Obviously, procesimrs 1 and 2 have to be synchronized:
when processor 1 has executed one step of an animation, processor 2 can start to
render the corresponding frame, while simultaneously processor 1 can start to execute
the next step of the animation (this is similar to the technique of double-buffering).
The third processor does not have to be synchronized with the other two: it can coJ:ect
the garbage at its own pace.

8.4.2

Distributed Multi-User Systern

The widgets p1êsented in Section 6.5 are not confined to one workstation. Ou the
contrary: they can be shown on any workstation that can communicate with the GDP
via the X-protocol. Furthermcre, UJ _events generated on these remote workstations
will be sent to the GDP. Consequently, the GDP supports visualization and direct
manipulation of an animation at remote workstaticns.
However, direct manipulation is only one element of interactivc animation. The GDP
as described in this thesis does not handle di:.-ect modification from multiple applications. One way to facilitate such a multiple direct mod:fication mechanism is by
introducing a switch-box. This switch-box acts as an intermediate between the GDP
and the various applications: it merges the input and output channels of the applications into one input channel and one output channel for the GDP. In other words, a
switch-box allows for using one GDP by multiple applications simultaneously. For example, this functionality ;s required for a situation where seve:-al users are cooperating
in one animated domain.
One step further is ·~he sit.1ation of cooperating GDPs, i.e. t:ie GDPs are linked and
send Looks fragments to each other. This can be achieved by adding sockets as input
and output channels to the GDP, which has been shown recently to be feasible [HW].
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8.4.3

Rendering

For applications where visual realism is not a crucial requirement, the quality of the
rendering as currently supported by the GDP can be acceptable, in particular when
using Gouraud shading in combination with multiple light-sources. However, the rendering capabilities can be improved by means of the following extensions [FDFH90] :
1. normals at polygons and vertices: these normals allow for rendering polygons

as if they are curved surface segments (the current implementation of the GDP
estimates plane equations of the polygons only, hence no smooth shading can be
achieved).
2. texture mapping: an image is mapped onto a polygon, thus facilitating improved
visual realism.
Furthermore, providing an adequately parameterized implicit surface as a topological
primitive facilitates the animation of objects that have flexible surfaces, e.g. clothes
and skin. However, due to their cornplexity, the canonical methods for implicit surfaces
[WMW86, LC87J cannot be used in a real-time graphics system. But by making the
generated polygon mesh parametrically dependent on a (moving) skeleton, implicit
surfaces become feasible for real-time systems [Sta94] .

8.4.4

Executable Media

In [BHN+95] it is proposed to extend Multi-Media (MM) to Executable Media (EM),
similar to HotJava (see below). EM is characterized by the following aspects:
• dynamic: the content of an EM document can vary:
1. by means of computation, e.g. an interactive simulation

2. by means of (global) hyperlinks, e.g. retrieving actual weather conditions
in a simulation
• multi-directional: several users can explore and modify the same application
domain where they are real-time visually informed about each other's actions
• 3-D: an EM document can contain a 3-D model of the geometry of the simulated

scenery
• programmable: an EM player is freely programmable, changeable and extensible even during a running simulation. To this aim, an EM document contains
standard MM-items but also code fragments for the EM player. Consequently,
an EM-document may contain extensions or modifications to a 'standard' EM
player in order to customize it for obtaining task-specific behavior.
Most of these aspects are already implemented in the GDP. Therefore, the GDP would
be very suited as a basis for such an EM player.
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HotJava
In 1995 Sun introduced the Java language [Sun95], whose concepts are remarkably
similar to those of Looks. Both languages are interpreted and both support objectorientation, concurrency, garbage collection, and dynamic linking. Furthermore, one
of the design goals for these languages was simplicity. In Looks this was achieved by
defining a new syntax and semantics, while Java took C++ as a basis and removed
unnecessary complexities.
The Java language is demonstrated by means of the HotJava World-Wide Web
(WWW) browser. Whereas conventional WWW browsers manipulate statie HTML
documents, HotJava adds dynamic behavior to these documents by means of Java
fragments, e.g. to create animated icons.
lt would be interesting to port the GDP classes to HotJava, thereby promoting the
HotJava functionality to the current functionality of the GDP. This is a significant
improvement for HotJava, since up to now it offers only very little support for interactive 3-D animation. lt is to be expected, however, that the transparent handling
of classes in the main-loop of the GDP (e.g. event handling, restore WL-invariants,
dynamics, and rendering) bas to be coded explicitly in Java.
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Appendix A
Specification
A.1

Syntax

When specifying a programm;ng language two aspects of the language have to be
dealt with: its syntax, which describes the representation of programs, and its semantics, which describes the meaning of these programs. The syntax of a language can
be subdivided even furthe~· into concrete syntax, that specifies the textual representation of programs, and abstract syntax, that specifies the structural representation
of programs. For example, if a language corrtains an addition operator, the concrete
syntax spècifies the textual representation of this operator (e.g. '+') and the way it is
used(e.g. prefix, infix, or postfix), the abstract syntax, on the other hand, only specifies that the language contains a.n a<ldition operator and that this operator requires
two opera.nds. It is the task of a parser to generate the structural represeotation or abstract syntax tree - of a program writter;. in the concrete syntax.
A formalism to specify the concrete syntax of a programming language was one of
the research topics in the early days of coL1puting science. In 1959 Backus introduced
such a formalism [Bac59]. Later it Î3 was used to specify the concrete syntax of
ALGOL 50. Since the report that describes this language was edited by Naur [Nau63J,
the formalism became known as Backus-Naur-Form (3NF). Nowadays, BNF and its
extended version EBNF [Bac79] are widely used to specify the concrete syntax of
program•ning languages. The concrete syntax of L<>0ks is also specified by means of
EBNF and can be found in Appeudix B. An- augmented version of this syntax with
attributes and context conditions, e.g. conc~rning statie type checking. is included in
[Pee95j.
The EBNF-formalism is also often used to describe the abstract syntax of programming languages. For examplc, this may lead to the :ollowing definitions of the concrete
and abstract s;nti\.X of the selectioo statement:
concrete: <statement> ::= if <expression> then <stateme!lt> else <statement>
fi

abstract: <statement> ::= if <expression> then <statement> else <statement>
Note that the abstract definition contains too much info~·mation: thP, key-word:i if,
then, and else are n0t really necessary. In order to guarantee that an abstract syntax
cannot contain tbis abundant synt.actical information, another formalism is neered
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to specify an abstract syntax. Since the structural representation of a program may
be considered as a tree, the abstract syntax should specify which nodes may be used
and how these nodes may be used in combination with (sub-)trees to generate new
trees. The well-known concepts (in the theory of algebraic specification [EM85]) of
signature and term may be used to specify the abstract syntax and the structural
representations, respectively.
First, S-sorted sets are defined; they are used in the definitions of both signature and
term.
Definition A.l : S-sorted set
Let S be a set.
An S-sorted set X is a collection of !SI pairwise disjunct sets, where each set is
indicated by means of an element of S: X, (sES).
D

The requirement that the sets of an S-sorted set X should be pairwise disjunct can be
specified formally:
(As1 ,s2 : Si,S2 ES : s, ;i:s2 =>
= 0).

x., nx.2

Example A.2 : S-sorted set
Let S={ a,b,c}.
Let X"={k,l}, Xb={p,q,r}, Xc=0.
Let Y"={k,l}, Yb={l,m,n}, Yc=0.
Then X is an S-sorted set. However, Y is not an S-sorted set because

v"nvb # 0.
D

Next, the definition of a signature is given:
Definition A.3 : Signature
A signature E is a tuple (S,f), with
• S a set (known as the set of sorts of E)

• r a S' x S-sorted set (known as the set of operator sets of E)
D

The set of sorts of signature E specifies the types of trees that can be generated by
means of E, whereas the set of operator sets specifies the set of nodes that can be used .
The set of operator sets is S' x S-sorted which means that it is indexed by means of a
tuple that consists of a list of sorts (known as the arity) and a single sort (known as
the result sort). For example, the abstract syntax of the previous selection statement
can be defined by means of signature ( {expression ,statement} ,r) as follows:
selection E fc <expreJSion,atatement,statement>,statement) ·
Furthermore, if the language would also contain a repeat-until statement with the
following concrete syntax:
<statement> ::= repeat < statement> until <expression> ,
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then fora corresponding operator (say: repeat) holds:
repeat Ef(<•tatement,•xpreuion>,statementl ·
Note that the order of the sorts in the arity is important (indeed, the arity is a list, not
a set or a bag): e.g. selection ~ r(<.tatement,expreuion,•tatement>,•tdtement)· Indeed, signatures facilitate abstract syntax definitions that do not contain abundant syntactical
information.
As stated ab0ve, the abstract synt<>x of a programming language defines the structural
represP.ntation (or abstract syntax tree) of programs written in the language. The next
definition specifies how this abstract syntax may be used to generate abstract syntax
trnes.
Definition A.4 : Terms
Let E=(S,r) be a signature.
The S.sorted set TE of terms of E is the smallest S.sorted set Y such that for
each operator 'Y E f(arity,reault) (arityES°, resultES) and (operand) Y; EYarit11LiJ
(l~j:~ larityl) the term 'Y(Y1 1 ••• ,yn)EYreault
0

In other words, given signature E=(S,r), (Ti:;). (with sES) is the set of all terms - or
abstract syntax t::ees - whose root has sort s. For example, a repeat-until statement
that contaius a selection statement corresponds with the term ( E (T E)ataternent):
repeat(selection(el,sl,s2),e2), with el,e2 E (Ti::)exprmioni and sl,s2 E (Tr:).tatement·
Example A.5 shows how terms are created given a simple signature.
Example A.5 : Terms
Let E=(S,r) be a signature with

• S

= {A,B}

• f(<> ,A) = {Jeafl,Jeaf2}
f(<>,B) = {Jeaf3}
f(<A,A>,A) = {nodel}
f(<B,B>,B) = {node2}
f(<A,B,A>,B) = {node3,node4}
f(r,•l = 0, other rES•, sES
The recursion in the definition of T i:; is started by creating terms using ()perators
whose arity is <>:
{leafl,leaf2}1Ç (Ti:;)A
{leaf3} Ç (Tr:)B
Next, these terms may be used as arguments of operators in order to ::reate new
terms:
{!lodel (leafl ,leafl) ,nodel (leafl ,leaf2),nodel (leaf2,le2.fl) ,node! (leaf2,kaf2)} Ç (TE) A
{node2(leaf3,leaf3)} Ç (Ti:;) B
{node3(leafl,leaf3,leafl ),node4(leafl ,leaf3,leafl ),node3(leafl ,leaf3,leaf2), ... }Ç(TE )B

Again, these newly constrncted terms may be arguments, etc.
D
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However, as described in [Pee90], using an ordinary signature may result in terms
that contain too much structural information because the arity of the operators of the
signature is fixed. The next example illustrates this drawback by means of an abstract
syntax tree of '1+1+1'.
Example A.6 : Signature
Let (S,r) be a signature with
• S = {expression}
• one E f(<:::.•xpreuion)
add E f(<expreuion,expreuion>,expr•••ion)
The term add(add(one,one),one) is an element of (TE)exprmion and represents
the abstract syntax tree of '1+1+1 '.
D

This term consists of 5 operators, whereas only 4 operators were needed if the operator
set of the signature contained a ternary operator:
add3 E f (<expresaion,expression,expression>,expression)
Now, the abstract syntax tree of '1+1+1' may be represented by the term:
add3(one,one,one).
This idea may be generalized by using a uniform abbreviation mechanism to specify
operators that only differ in the number of sorts in the arity.
Definition A.7 : lndexed Operator
Let ~=(S,r) be a signature.
An indexed operator 'Y; E r(•',mult) (i~O, sES, resultES) denotes the set of
operators: 'Yo E f(<>.reault)> 'Y 1 E f(<s>,re•ult)> 'Y 2 E f(<•,•>.re•ult), etc.
D

Naturally, definition A. 7 may be extended by using multiple indices. For example:
'Yi,j E r( s 0'"'_;
w51,resu lt) (i~O, So ES, S1 ES, resultES)
denotes the set of operators: 'Yo,o E f(<>,reault)> -y 1·0 E f(<•o>.reault)> 'YO,! E f(<•i>.re•ult)>
')'1·1 E r(<•o,•i>,reault), etc. Indexed operators are used in the abstract syntax of Looks
(Appendix C) at various places: e.g. to specify that a block-statement may contain any
number of statements. Multiple indexed operators are used too: e.g. in the selection
operator. lt could be argued that:
selection E f (<expr•••ion,•tatement,•tatement>.•tatement) ·
However, since most statements that are used in a selection statement will be blockstatements, the selection operator would be used mainly in the following construction:
selection(e, block...statementn 1(sl 1,... ,sln 1), block...statementn 2 (s2 1,... ,s2n2) ),
with nl,n2~0, e E (TE)expreuiom sl1, ... ,sln1,s21, ... ,s2n2 E (TE),to.tement
In order to minimize the total number of operators in a term, the abstract syntax of
Looks bas adopted the following selection operator:
1 In the remainder of this thesis the parentheses of terms that do not have sub-terms will be
omitted, e.g. leafl instead of leafl ().
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selectioni,j E f (<expre"ion>ill•tatement•+; ,atatement), i,j ~0
Now the term can be rewritten as: selection( e,s1 1 , ... ,sln 1 ,s21i ... ,s2n 2 ), which contains
two operators less. The operators repetition and invocation are treated in a similar
way.
Example A.8 : Natura] numbers
Let ( {expression} ,r) be a signature. Natura) numbers may be included in this
signature in two distinct vrays:
1. zero E f(<>.expreuion)
succ E f (<expreuion>,expre"ion)

2. zero E f(<>.expreuion)
one E f(<>.expreuion)
two E f(<>.expre"ion)

0

Example A.8 shows how natura! numbers may be specified in a signature. Clearly, the
first alternative introduces many operators in terms, e.g. the term that corresponds
with value 3: succ(succ(succ(zero))). On the otL.er hand, the second alternative results in terms that consist of one operator for each value. However, this alternative
requires to provide the sigm.ture with operators for all value: that may appear in a
program. Since it would be an arduous task to supply these operators explicitly, again
an abbreviation mechanism is needed.
Definition A.9 : Parameterized Operator
Let C = {c; 1 i~O} be a set of constaL1ts.
Let ~=(S,r) be a signature.
A parameterized operator 'Yc E r(<>,reault) (cEC, resultEE>) denotes the set of
operators: 'Yro E f(<>,reault)• "lei E f(<>,reault)• etc.
D

The abstract syntax of the statements and expressi0ns of Looks, dP-fined by means
of a signature that contains indexed and parameterized operators, can be found in
Appendix C.

A.2

Semantics

Accoràing to [Win93] three branches of semantics can be distinguished:
• operational semantics: the meaning of a programming language is described
by how it executes on an abstract machine. For example, the s~mantics of a
repetition can be specified as follows:
<b u>-f&Jse
and <b.u>-true <<.: u>-u" <white b do c,o">-a'
<white b do c,a>-a

The first

rul~

<while b do c.a>-o'

specifies that if expression b evaluates to false in state a, the
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execution of the repetition does not change the state of the abstract machine.
The second rule specifies that if expression b evaluates to true in state u and the
evaluation of statement c changes the state of the abstract machine from u to u"
and the evaluation of the repetition changes state u" to u', then the evaluation
of the repetition changes the state from u to u' . In other words, if the expression
evaluates to false the state is not changed, if it evaluates to true then statement
b is executed followed by the repeated execution of the repetition.
• denotational semantics: the meaning of a programming language is described by
means of partial functions on states. For example, the semantics of a repetition
can be specified as follows:
C[[while b do·c Il= Un>O rn(0), with
r : P(statexstate) --+ P(statexstate) and
r(ip) = {(u,u') 1B[[b]]·u = true 2 /\ (u,u') Ei.po C[[c]]} U {(u,u) 1B[[b))·u =
false} A function C is defined that maps the repetition to the least fixed point of
function r, resulting in the set of tuples of all possible state-transitions - which
can be considered as a function that maps states to states. Function B maps a
boolean expression toa set of tuples that consist of a state and a boolean value
- this set can be considered as a function that maps states to boolean values.
• axiomatic semantics: the meaning of a programming language is described by
giving its proof rules within a program logic. For example, the semantics of a
repetition can be specified as follows:
{A b}c{A}
{A}whlle b do c{A

~b}

This definition states that if condition A /\ b holds prior to the execution of c
and condition A still holds after execution of b (therefore condition A is called
an invariant of statement b), and condition A holds p.rior to the execution of the
repetition, then condition A /\ --.b holds after the execution of the repetition. The
conditions that hold prior to and after the execution of a statement are called the
precondition and postcondition, respectively. The combination of precondition,
statement, and postcondition, as used in the above definition, is known as a
Hoare triple.
For every programming language these three formalisms are related: they all describe
the meaning of the language. Therefore, relations exist between these formalisms. For
example, the relation between operational and denotational semantics can be stated
as:
C[[c]] = {(u,u') 1 < c,u > --+ u'}
This relation describes that the denotational semantics of statement c can be considered as the abstraction of the operational semantics with respect to the state.
The relation between the denotational and axiomatic semantics, given Hoare-triple
{A}c{B} (for every condition A), can be stated as:
(Au: u E E: (u I= A) => (C[[c]]·u I= B))
This relation describes that for every state u where condition A holds, the execution
of statement c results in a state where condition B holds. These states are related by
means of the denotational semantics of statement c.
2 B[[b]]·u

= true rneans that (u,true) E Bl[blJ
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These formalisms, howcver, are not redundant, but they are each apt for a specific
goal: operational semantics is useful for describing the semantics of a language that
has to be implemented by means of an interpreter, denotational semantics is usdul for
comparing the semantics of languages, and axiorr..atic semantics is useful for deriving
and proving programs.
Since the GDP has to be controlled interactively by Loo:Cs, and since interactive operatbn is achieve<l intuitively using an interpreter, the GDP will contain an interpreter
for Looks. Therefore, the semantics of Looks will be defined by means of operational
semantics3. The abstract machine that is used in this operational semantics corresponds with the symbol-table of the GDP (in concert with its operations), which is
described in Section 4.6. Consequently, in this approach the states that are used in
operational semantics correspond to the states of the symbol-table.
Because the concrete syntax of Looks is not important for its (operational) semantics, the semantics is based on its abstract syntax, which is defined by means of
the signature presented in Appendix C. The remainder of this section explains the
operational semantics, whose forma! definition can be found in App{'ndix D.
As can be seen in the explanat.ion above, operational semantics is basically a function
that maps (the abstract representation of) a statement and a state to ;. new state:
Eval : Codetree x Symboltable

-+

Symboltable

Here type Codetree denotes the set of abstract representations of all Looks statements.
As mentioned before, these abstract representations are described by means of terms
that are generated by signature (S,r) (see Appendix C). Consequently, type Codetree
can be specified as follows:
Codetree = (Us : sES : (Ti;).)
· Type Symboltable denotes the set of possible states of the abstrar,t machine that is
used to describe the operational semantics (see Section 4.6).
However, to specify the semantics of expressions that occur in method bodies, information is needed on intermediate results and also information is r.eeded on parameters,
local variables, etc. of the method. This information is supplied to the Eval-function
by augmenting the domain of the function with types Reference and Index, respectively
(both types are explained in detail in [Pee95]).
In order to model returned values, quasi-parallelism, and blocking of the GDP, the
codomain (or range) of function Eval has to be augmented too:
1. To return the value of an evaluated expression, the codomain should contain a

field of type Reference.
2. To account for the effect of synchronization in the quasi-parallel form of concurrency in Looks, the Eval-function should indicate whether interpretation halted
at a synchronization point or the complete codetree could be interpreted; therefore, the codomain should contain a field of tyµe 18 .
3 As mentioned in Section 3.2 a formal specification of a language serves as an interface bet ween
the designer, the implementor, and the user of the language. The interface between the designer and
the implementor may need more details than the interface between the design.èr and the user. The
forma! specific~tion of Looks, as presented in this thesis, has been designed as the interface between
designèr and implementor. The denotational and axiomatic ser.iantics of Looks remaiL subject of
further research.
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3. To account for the blocking of the GDP due to the interpretation of a statement,
the codomain should contain a field of type IB. For example, consider the Looks
fragment 'SO ; SI'. Clearly, SI is to be executed after SO; even if SO is of the
following form:
object i : integer;
i:=O;
while i.lt(lOO) do
begin
i :=i .plus(!);
synchronize;
end;

Obviously, this repetition halts after 100 frames. Thus, if statement SI is received
by the GDP before the repetition is terminated, SI should be postponed until
the GDP has been released by the repetition. Otherwise, the semicolon between
SO and SI, that is used to indicate sequentia! processing, gets different semantics
when it is used in action-statements.
4. To account for the effect of a synchronization in the middle of a block-statement,
the codomain should contain a field that contaîns the statements that have to
be postponed until all quasi-parallel processes are synchronized. For example,
consider the following Looks program:
begin
"S1";

synchronize;
"S2";

end

Obviously, statement S2 may be executed only after all quasi-parallel processes
are synchronized. However, when this execution is resumed, all related referencelocations (i.e. local variables, parameters, and self) should have the values they
had before the synchronize. Therefore, the remaining statements (in this case
statement S2) and the actual values are stored together. Furthermore, since the
synchronization may occur several messages '<leep', this particular information
for all these methods has to be stored in a list. This results in type SmlType
(shorthand for synchronous-message-list-type), which should be a field of the
codomain of function Eva!:
SmlType = (ct:Codetree x invnr:Index)*
5. To account for the effect of a synchronization within an asynchronous message,
the list of postponed statements has to be stored: because the statements following an asynchronous message wil! always be executed (even if the asynchronous
message contains a synchronization). For example, consider the following Looks
program:
begin
•object1.message();
•object2.message();
end
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If the methods that are invoked by sending a message to objectl and object2
contain a synchronization, their evaluation returns a list of the postponed statements (see the previous discussion). However, since the message to objectl is
asynchronous (note the asterisk before the message), the message to object2 is
not postponed. Since both methods contain a synchronization, two lists of postponed statements are the result of the evaluation of this block-statement. This
results in type AmlType (shorthand for asynchronous-message-list-type), which
should be a field of the codomain of function Eva!:
Am!Type = Sm!Type•

The augmentation of the domain and the codomain of function Eva! results in the
following signature4 :
Eval : Codetree x Reference x Index x Symboltable
--+ Reference x B x 18 x Am!Type x Sm!Type x Symboltable
The definition of function Eva! can be found in Appendix D.2.1.
As mentioned before, if during the interpretation of a method body a synchronization
is encountered, the call-list of that method is stored in a value of type Sm!Type. This
call-list is related to a stack in ordinary function-calling (in Looks stacks for functioncalls are a result of the recursive definition of the Eval-function). Stacks are used
in the following way: every function-call pushes a new element on top of the stack
(and function completion removes the top-element of the stack). However, during
interpretation of Looks programs the stack information has to be saved only if the
interpretation of a method is halted in a synchronization. Using an ordinary stack
would result in too much stack operations. Therefore, this stack is only created when
it is really needed. Consequently, it is not a stack in the traditional way, because it
is filled in reverse order: the information on the 'deepest' function-call is stored first,
whereas the information on the 'top-level' function-call is stored last. The difference
between a call-list and a stack is demonstrated in Example A.10.
Example A.10 : Call-list and stack
Consider the following method-calls:

fO()
fl()
f2()
f3() / / terminates normally
f4() / / halts in a synchronize
Using an ordinary stack would result in the following stack history (top of stack
is on the left):

<>
<fO>
<fl,fO>
<f2,fl,f0>
<f3,f2,fl,f0>
4 The word 'signature' is also used in Computing Science to specify the domain and codomain of
a function.
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<f2,fl,f0>
<f4,f2,fl ,fü>
Interpretation of method f4 halts in a synchronize, therefore a copy of
<f4,f2,fl ,fü> has to be stored, in order to be able to resume execution of this
method after all asynchronous methods have reached their synchronize.
Due to the recursive character of the interpreter, this information can also be
generated only when it is really necessary:
f4 halts in a synchronize
: <f4>
II control is given back to the evaluation of f2
11 (due to recursive character of Eva!)
f2 is not completed because f4 is halted
<f4,f2>
11 control is given back to the evaluation of f1
f1 is not completed because f2 is not completed : <f4,f2,fl>
II control is given back to the evaluation of fO
fO is not completed because f1 is not completed : <f4,f2,fl,f0>
Now consider the following asynchronous messages:
*fü();
*fü();
Both messages will be halted in a synchronization (due toa call to method f4),
therefore two stacks should be stored (resulting in a list of call-lists: Am!Type).
In this example this list would contain: <<f4,f2,fl,f0>,<f4,f2,fl,f0>>.
D

Asynchronous messages will never halt their caller (even if the interpretation of these
messages is halted in a synchronize). This is demonstrated in the previous example
where the second asynchronous message '*fO()' is executed although the first was halted
in a synchronize. Consequently, an asynchronous message should store its call-list in
the list of call-lists, create an empty call-list and indicate that it is not halted in a
synchronize (thus its caller may proceed its execution). This is formally specified in
Appendix Don page 180.
If the call-list is resumed after all asynchronous methods have reached their synchronize, the body of the method that contained the synchronization is resumed first. If
the method does terminate completely (i.e. no synchronization is encountered), its
caller is resumed. This process is specified by function EvaLsml:
EvaLsml : SmlType x Symboltable -+ Am!Type x IB x Symboltable
The codomain of this function contains fields of type Am!Type and B because the
evaluation of the method bodies may introduce new postponed asynchronous messages
or may release a blocking GDP (i.e. if the GDP may execute new statements that are
provided interactively). The definition of function Eval...sml can be found in Appendix
D.2.2.
The previous paragraph introduced a function that evaluates the call-list of one postponed asynchronous message. However, during interpretation of a Looks program
several of these postponed asynchronous messages may occur (information on these
messages is stored in a value of type Am!Type, as mentioned previously). A trivia!
definition of a function that evaluates a value of AmlType would consist of the evaluation of each postponed asynchronous message that is stored in this list in order
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of appearance. This results in a deterministic way to evaluate the postponed asynchronous messages. If the order of these messages is not relevant, the function may
evaluate the messages in random order. Consequently, several states (i.e. values of
type Symboltable) may be reached. As in the previous case, the codomain contains
values of type Am!Type and lB to account for new postponed asynchronous messages
and release of a blocking GDP, respectively. This results in the following signature:
EvaLaml: Am!Type x Symboltable --+ P(Am!Type x lB x Symboltable)
The definition of function Eval..aml can be found in Appendix D.2.3. In this definition
a value Max is used to discriminate between the deterministic and non-deterministic
version (in the deterministic version the returned set is a singleton).
Finally, the semantics of a complete Looks program can be given. Such a program
can be considered as a row of symbols of the concrete Looks syntax that is presented
in Appendix B. If the set of terminal symbols is denoted by set Vr, a Looks program
is an element of (Vr)°. However, since the GDP is an interactive system, not only
the textual representation of a program is important, but also the time at which the
various program actions are received by the GDP. For example, consider the following
Looks program:

object.start..move();
object.stop..move();
If the message 'object.stop..move()' is received immediately after message 'object.start_
move()' the object will not have moved very long. However, if there is a delay between
these messages, the object will have moved Jonger. To model this effect properly, the
various actions of a Looks program are provided with an integer that indicates the
delay between the release of the GDP and the reception of that action by the GDP.
For this purpose, the following type is introduced:
ProgramType = (text:(Vr)* x delay: IN )*
Intuitively, the evaluation function for Looks programs has to map a value of type
Program Type x Symboltable toa value of Symboltable. However, to obtain a recursive
definition of this function, the domain of the function is augmented with a list of
postponed asynchronous messages (initially this list is empty) and a boolean that
indicates if the GDP is released (initially this boolean is TRUE). Furthermore, since
the GDP is intended to be used to develop animations, it is not the value of the
Symboltable after evaluation of the Looks program that we are interested in, but
the row of (changing) Symboltable values, starting with the initia! one. Because the
evaluation of a value of type Am!Type may be non-deterministic, the evaluation of a
Looks program may be non-deterministic too. Therefore, the codomain consists of the
set of all possible rows of Symboltables. This results in the following signature of the
evaluation function:
EvaLprogram: Program Type x AmlType x lB x Symboltable--+ P(Symboltable")
The definition of function EvaLprogram can be found in Appendix D.2.4. The working
of this function is shown in the following pseudo-code (the numbers refer to the forma!
definition in the Appendix):

il "no user input available anymore" /\ "no postponed asynchronous messages" (1)
D

--+ "do nothing"
"no user input can be received"
--+ "execute postponed asynchronous messages"

(2)

174
D

D

Appendix A . Specification

"new user input bas been received"
---+ "block the GDP and execute the new statement
and the postponed asynchronous messages (if any)"
"new user input has not been received"
---+ "execute postponed asynchronous messages"

(3)

(4)

fi
As shown in the forma! definition of this function (case 3), the GDP is released by
a codetree that is appended automatically (by means of a - sequentia! - blockstatement) to each statement that occurs in a action-staternent. In case (4) there is at
least one postponed asynchronous message: the one that contains the release codetree.
To visualize the actuai"animation, a function Render is introduced that maps a Symboltable to ScreenContents (ScreenContents is a type that denotes the actual contents
of the screen):
Render : Symboltable ---+ ScreenContents
The actual animation can be defined by means of a function that maps a Looks program (with delays) to the set of all possible rows of ScreenContents:
Animation : ProgramType ---+ P(ScreenContents*), with
Animation (program)
= (Urow: row E EvaLprogram(program,<>,TRUE,InitiaLSymboltable)
: (fü_i : O:Si:S lrowl : <Render(row[i])> )
To recapitulate the main topics of this appendix: the concrete syntax of Looks is
specified by means of EBNF (Appendix 8), the abstract syntax of Looks is specified
by means of a signature (Appendix C), and the semantics of Looks is specified by
means of operational semantics (Appendix D).

Appendix B
Concrete Syntax of Looks
<start>
<action>

.. .. -

(3)

<heading>

.. -

(h)

<class..k.ind>

.. -

<inherit~def>

.. -

<features>
<feature>

.. .. -

<argument types>
<typeJist>
<prefix>
<declarations>

.. .. -

(12)

<public>

.. -

(13)

<private>

.. -

(1')

<implementation>

.. -

(Ua)

<attrs_or...methodhead> ::=

(!)

(2•)
(2b)

(2c)
(2d)

(4b)
(5)

(6)
(7•)

(7b)

(8)
(9)
(10)
(Il•)

.. .. -

(llb)

(l&b)

1

{ <action> ';' }
'FORWARD' <heading>
'CLASS' <heading> <inheriLdef>
[ <declarations>] [ <implementation>]
'END CLASS'
<statement>
'OBJECT' <identifierJist> ':' <type>
<identifier> [ '[' <identifierJist> ']' ]
[ 'EXTERN AL' [ <identifier> ] ]
[ <classJcind> ]
'SIMPLE'
'OBJECT' [ <identifier> ]
[ 'INHERIT' <type> [ '(' [ <features> J ')']
{','<type> [ '(' [<features>]')'] } ]
<feature> { ',' <feature> }
<prefix> <identifier> <argumenttypes>
[ '>' <identifier> ]
'[' <prefix> <identifier> <argumenttypes> ')'
[ '(' <typeJist> ')' J
[ <type> { ',' <type> } J
[ <type> ':' ]
<public> [ <private> ]
<private> [ <public> ]
'PUBLIC' <attrs_ounethodhead>
{ ';' <attrs_or...methodhead> }
'PRIVATE' <attrs_or...methodhead>
{ ';' <attrs_or...methodhead> }
'IMPLEMENTATION'
[ <method_def> { ';' <method_def> } ]
<identifier Jist> ':' <type>
<identifier> '(' [ <form_paramJist> J ')' ':'
<type>
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(16)

<form_paramJist>

(17•)

<param....kind>

[ <param....kind> ] <identifierJist> ':' <type>
{ ';' [ <param....kind>] <identifierJist> ':'
<type> }
'VAL'
'VAR'
<prefix> <identifier>
[ '(' [ <form_paramJist> ] ')' ':' <type> ]
<method_deLrest>
[ <loc_variables> ] <block..statement>
'#' [ <identifier> ]
'VAR' <identifierJist> ':' <type>
{ ';' <identifierJist> ':' <type> }

(17b)
(18)

<method_def>

(19a)

<method_deLrest>

(19b)

(20)

<loc_variables>.

(21•)

<statement>

(21b)
(21c)
(21d)
(21e)

(21f)
(211)
(21b)
(21i)
(21j)

(21k)

c22>

<block..statement>

cu.>

<expression>

(23b)
(23c)

(23d)

<.._>

<expression_begin>

(24b)
(24c)
(24d)

(20)

(2")
(27)
(28)
(29)
(30)

<ancestor>
<expression_rest>
<act_paramJist>
<identifier Jist>
<type>
<identifier>

::=

é

'SYNCHRONIZE'
'NEW' '(' <expression> ')'
'RESULT' '(' <expression> ')'
<expression>
'*' <expression>
<expression> ':=' <expression>
<expression> '?=' <expression>
'WHILE' <expression> 'DO' <statement>
'IF' <expression> 'THEN' <statement>
[ 'ELSE' <statement> ]
<block...statement>
'BEGIN' <statement> { ';' <statement> }
'END'
'NULL'
'SELF' <expression_rest>
< expression_begin> <expression...rest>
'(' <expression> '=' <expression> ')'
<expression...rest>
[ '+' 1 '-' ] <number> [ <realrest> ]
'" <character> "'
"'' { <character> } "''
<ancestor> <prefix> <identifier>
[ '(' <act_paramJist> ')']
[ <type> '::' ]
{ '.' <identifier> [ '(' <acLparamJist> ')'] }
[ <expression> { ',' <expression> } ]
<identifier> { ',' <identifier> }
<identifier> [ '[' <type> { ',' <type> } ']']

(('a' .. 'z')

1

('A .. 'Z'))

{ C-'1'-'l('a' .. 'z') 1('A
(31)
(32)
(33)

<realrest>
<number>
<character>

.. 'Z')

1('O'

.. '9') }

'.' <number> [('e'l'E') [('+'I'-')] <number>]
( 'O' .. '9' ) { 'O' .. '9' }
'"-''

Appendix C
Abstract Syntax of Looks
Signature

~

= (S,r), with:

S = {STATEMENT, CASTED_EXPRESSION, EXPRESSION,
SIMPLE_EXPRESSION}
f(STATEMENT',STATEMENT)

= { block...statement; },

i~O

f(<>.STATEMENT)

= { synchronize, release }
f(<CASTED...EXPRESSION>,STATEMENT)

= { result}

f (<EX PRESSION,CASTED...EX PRESSION>,STATEM ENT)
= { assignment }
f(<EXPRESSION,EXPRESSION>,STATEMENT)

= { rev_assignment }
f(<EXPRESSION>,STATEMENT)

= { synch_message, asynch_message,

new }

f(<EXPRESSION>eSTATEMENT'+i,STATEMENT)

= { selection i,j

i,j

} ,

~

0

f(<EXPRESSION>$STATEMENT',STATEMENT)

= { repetition;

f

},

i~O

(<EX PRESSION>,CASTED...EX PRESSION)

= { cast;nd

},

ind E Index 1

f(<>.EXPRESSION)

= { null
1 Type

}

'Index' is used in the symbol-table manager to identify an entry in one of the tables [Pee95j.
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r(S/ M PLE_EX PRESS/ON',EX PRESS/ON)

= { expressioni },

i

~

0

r( <CASTED_EX PRESSION>ffi<CAST ED..EX PRESSION >ffiS/ M PLE..EX PRESS/ON',
EX PRESS/ON)

i ~ 0

= { comparei },
r(<>,SIM PLE..EX PRESSION)

= { object;nd,

attribute0 ;p, parameterp;p,
variablevipi integer;, booleanb,
real" charc, str.ing., },

ind E Index,
aip,pip,vip E IndexPair2 ,
iE lN ,bE IB ,rE R

c E character, s E string

r(CASTED__EX PRESSION',EX PRESSION)

= { invocation:,.ip ancestor_invocationind,ci,mip
r(r,•)

=

0,

},

i ~ 0, mip E IndexPair
ci,ind E Index
other r E

s•, s

E

S

2 Type 'IndexPair' is used in the symbol-table manager to identify an entry in a table that is
accessible by rneans of one indirection [Pee95]

Appendix D
Semantics
D.1

Type Definitions

Ccdetree = (Us : sES : (TE).)
Sm!Type = (Ct:Codetree x invnr:lndex 1 )*
Am!Type = Sm!Type*
ProgramType = (text:(Vr 2 )* x delay: N )*

D.2

Evaluation Functions

D.2.1

Eval

Eva! : Codetree x Reference3 x Index x Symboltable
--+ Reference x B x 18 x Am!Type x SmlType x Symboltable

Eva!( ct,result,invnr ,st)
=
if et::block..statP.mentn (s1 , . . . ,sn)
--+ Eval...statementlist( < s; >:'= 1 ,result,invnr,st),
with n~o. S; E (TdsTATEMENT (l~i~n)
The sub-terms (s;) of the block-statement are stored in a list, which is evaluated by function EvaLstatementlist.

D ct::result(ce)
--+

Eva!( ce,fulli4 (invnr ,st ),invnr,st ),
with ce E (TE) C ASTED-EXPRESSION
The evaluatio n of the result statement consists of the evalual ion of ite (cast) expression. Since the expreseion

of a result statement (which occurs in the m ethod-body of an object) may begin with attributes of that object,
a reference to that object is suppJied to the evaluation of the expression (this reference is created by function

Self}.
1 Type 'Index' is used in the symbol-table manager as an index toa block that contains information
on a method invocation, e.g. the values of arguments, local variables, etc. [Pee95]
2 Vr is the set of terminal symbols of the (concrete) Looks syntax that is presented in Appendix
B.
3 Type 'Reference' is used in the symbol-table manager to store information on object-references
or reference-locations[Pee95]
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D ct::assignment(e,ce)
--+

(result,FALSE,FALSE,aml 1 EBaml 2 ,<>, Assign(r 1 ,r2,st2)),
with e E (Tr:)exPRESSJON, ce E (TE)cASTED-EXPRESSION
(r1isynch 1 ,release 1 ,aml 1 ,sml 1 ,sti) = Eva!( e,Self(invnr,st),invnr,st)
(r2,synch2,release2,aml2 ,sm[i ,st 2 ) = Eva!( ce,Self(invnr,st) ,invnr,st 1 )
Property5 : •synch 1 /\ •synch 2 /\ •release 1 /\ •release2 /\ sml 1 =<> /\
sml 2 =<>
Fint, the left-hand expression is evaluated (which results in r1 1 a reference-location). Second, the right-hand
expreesion is evaluated (whîch results in r2 1 a reference-location or object-reference). Thîrd, r2 is copied into r1 by
means offunction Assign . Furthermore, an assignment statement cannot change the value of intermedia.te results

(of expressions or method-bodies), therefore argument 1result 1 is returned unchanged . Since the expressions

cannol be halled in a synchronize, the boolean value FALSE and an empty (sml-) list are retumed. Also, the
""8ignmenl slatemenl cannot release the GDP, therefore the boolean value FALSE is returned. Finally, lhe
evaluation of the expressions may have introduced new a.synchronous messages that are halted. in a synchronize;
the corresponding information (i.e. amli:) is returned jointly by means of a. concatenation.

D ct::rev_assignment( e 1 ,e 2 )
--+ (result,FALSE,FALSE,aml 1 Ef)aml 2,< >, RevAssign(r 1 ,r2 ,st 2) ),
with e1,e2 E (Tr:)EXPRESSJON
(r1 ,synch 1 ,release 1 ,aml 1 ,sml 1 ,st 1 ) = Eval( e 1 ,Self(invnr,st),invnr,st)
(r2 ,synch 2 ,release2 ,aml 2 ,smh,st 2 ) = Eva!( e2 ,Self(invnr),invnr,st1)
Property: •synch 1 /\ •synch 2 /\ -.release1 /\ •release2 /\ sml 1 = < > /\
sml2 =<>

o ct::synch_message(e)
--+

(result,synch,FALSE,aml,sml,st')
with e E (Tr:)ex PRESSION
( r,synch,release,aml,sml,st') = Eva!(e,Self(invnr,st ),invnr,st)
Property: •release
The evaluation of the synchronous message consists of the evaluation of its expression. Since this expressfon

cannot release lhe GDP, the boolean value FALSE is returned. Furthermore, an synchronous message cannot change the value of intermediate result.s, therefore argument 'result' is returned. unchanged. Finally, the
evaluatioo of the expression may be halted in a sync.hronize, consequently the values of 'synch' and 'sml' of

lhis evaluation are relurned unchanged (indicating that lhe synchronous message may have been halted in a
synchronize).

D ct::asynch_message(e)
--+

(result,FALSE,FALSE,amlEEl <sml>,<>,st')
with e E (Tr:)EXPRESSTON
(r,synch,release,aml,sml,st ') = Eva!( e,Self(invnr,st ),invnr ,st)
Property: • release
The evaluation of the asynchronous message also consists of the evaluation of its expression. However, in
contrast to the synchronous messa.ge, an asynchronous message ca.nnot be halted in a synchronize. Therefore,

lhe boolean value FALSE and an empty (sml-) list are returned. Still, the evaluation of the expression could
have been halted in a synchronize. In this case, 'sm) 1 contains information on the halted expression and is stored
in the list of asynchronous messa.ges that are halted in a synchronize (i.e. this list is extended with one element:
the current asynchronous message ).

•The underlined function-names identify functions of the symbol-table manager [Pee95], which are
also explained in Appendix E.
5 Properties are implied by the post-conditions of the various applications of function Eva!.
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D ct::selectionm,n(e,sl1, ... ,slm,s21, ... , s2n)
--> il GetBoolean(r 1,st 1)
--> (r 2,synch 2,release 2, aml 1 EBamh,sml 2,st 2),
with (r 2,synch 2 ,release 2,aml 2 ,sml 2 ,st 2) =
Eval..statementlist( <sl; >~ 1 ,result, invnr,st),
D •GetBoolean(r 1,st 1)
--> (r 3,synch 3,release3, aml 1 EBaml3,sml 3,st 3),
with (r 3,synch 3,release3 ,aml 3 ,smh,st 3) =
Eval..statementlist( <s2; >'J~ 1 ,result, invnr,st),

fi,
with m:?:O, n:?:O, e E (TE)EXPRESSION.
S1,;,S2J E (TE)STATEMENT (1$i$m, 1$j$n)
(r 1 ,synch 1 ,release 1 ,aml 1 ,sml 1 ,st 1 ) = Eva!( e,Self(invnr,st),invnr,st)
Property: •synch 1 /\ •release 1 /\ sml 1 =<>
First, the expression e is evaJuated (which results in a reference to a boolean object). According to the value
of this object, either statements sl.: or statements s2; are evaluated (by means of function Eval...statementliat).

Finally, bath the evaluation of the expression and the evaluation of the statements may introduce new asynchronous messages that are halted. în a. synchronizei therefore the corresponding information (i.e. amli) is
returned jointly by mea.os of a concatenation.

D ct::repetition"( e,s 1 , ... ,sn)
--> Eval( selectionn+l,O( e,s 11 •• "sn 1ct) > ,result,invnr,st)
with e E (TE)EXPRESSION, s; E (TE)STATEMENT (1$i$n)
First, the expression e is evaluated (which results in a reference to a boolean object). According to the value
of this object, either statements

Si

followed by the repetition itself are evaluated (in case the object represents

TRUE) or the default values are returned (in case the object represents FALSE). In other words: the evaluation
of a repetition ·statement is specified by means of unfolding the repetition.

D ct::synchronize
--> (result,TRUE,FALSE,<>,<>,st)
The evaluation halts in a synchronize, therefore the corresponding field is set to TRUE. F\Jrthermore, since no
statements are postponed due to this synchronize yet 1 the (sml-) list is empty. Finally1 this evaluation has not
introduced new asynchronous messages 1 consequently the (aml-) list is empty too.

D ct::new(e)
--> (result,FALSE,FALSE,aml 1 ,<>, New(r 1 ,st 1 )),
with e E (TE)EXPRESSION
(r 1 ,synch 1 ,release 1 ,aml 1,sml 1 ,st 1 ) = Eval( e,Self(invnr,st),invnr,st)
Property: •synch 1 /\ •release 1 /\ sml 1 =<>
First, the expression is evaluated (which results in a reference-location). By means of function New a new object
is created a.nd an object-reference to this object is stored in the reference loca.tion.

D ct::expression"(se 1 , . .• ,sen)
--> Eval..simpleexpressionlist( < se; >~ 1 ,result, invnr,st),
with n2:0, se; E (TE)s1MPLE...EXPREss10N {1$i$n)
The simple expressions (sei) of the expression are stored in a list, which is evaluated by func.tion
EvaL.simpleexpressionlîst.
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D ct::comparen(ce 1 ,ce2 1se 1,... ,sen)
--+ (r3,synch3 1FALSE, aml1 Ef)aml 2 EBamh,sml 3,st 3),
with n~O, ce1,ce2 E (TE)cASTED..EXPREssroN, se; E (TE)srMPLE..EXPRESSION
(1$i$n)
( r 1 ,synch 1 ,release1,aml 1 ,sml 1,st1 ) = Eval( ce 1 ,Self(invnr ,st ),invnr ,st)
(r2 ,synch 2,release2 ,aml 2 ,sml 2 ,st 2 ) = Eva!( ce 2,Self(invnr,st) ,invnr,st1)
( r 3,synch 3 ,release3 ,aml3 ,sml3 ,st3 ) =
Eval...simpleexpressionlist( < se; >~ 1 ,
BooleanToValue (Equa!Values(r 1,r 2 ,st 2 ),st 2 ),
invnr,st 2 )
Property: :->synch 1 /\ ...,synch2 /\ ...,release1 /\ ...,release2 /\ ...,release3 /\
smli=<> /\ smh=<>
Firat, the left-hand expression is evaluated (which results tn r1, an object-reference or a reference-location).

Second, the right-hand expression is evaluated (which results in r2). Third, the function Equa!Values is used
to determine whether

r1

and

r2

refer to the sa.me object. The result of this functîon is a hoolean which is

tra.nsformed by means of function BooleanToValue to a reference to the corresponding boolean object. This
reference is subsequently used as intermedia.te result for the eva.luation of the simple expressions (se.:).

D ct::invocation~;p(ce1i ... ,cen)
--+

(r,synch,release,aml 1 Ef) ••• EfJamlnEBaml, sml,st" ),
with n~O, ce; E (TE)cASTED..EXPRESSION (1$i$n)
st0 = st
( r ;,synch;, release; ,amI; ,sm!; ,st;)
= Eval(ce;,Self(invnr,st),invnr,st;_ 1) (1$i$n)
(body,newinvnr,st ')
= CallMethod(result, Undeflndex(stn),mip, <r; >i=1,stn)
(r,synch,release,aml,sml,st")
= Eval(body,UndefReference(st'),newinvnr,st')
Property: ...,synch; /\ ...,release; /\ sml;=<> (1$i$n)
First, the arguments of the invocation are evaluated (from left to right). These argument• are cast expressions:
the result.s of the expressions are cast to the type

or

the corresponding formal paramete r. Second, function

CallMethod fetches the body of the method that is indicated by lndexPair mip. Since an undefined index is
Wied as second argument of function CallMethod the selected method wilt be a feature of the object that is

referred to by argument 1 result' (note: this introduces dynamic binding). F\Jrthermore, function CallMethod
aleo creates a new invocation-block that contains the a.ctual arguments (i.e. rt ) , reference-locations for the local
varia.bles of the method 1 and a reference to the object whose method is invoked (in case the value of self is

needed during the evaluation of the method-body) . Finally, the fetched method-body is evaluated.

0 ct::ancestor _invocation~d ei mip( ce1 , ... ,een)
--+

(r,synch,release,aml 1 ffi.'. .EEJamlnEBaml, sml,st" ),
with n2:0, ce; E (TdcASTED ..EXPRESS!ON (1 $ i$n)
st0 = st
(r;,synch;,release;,aml1 ,sml;,st;)
= Eval(ce;,Self(invnr,st),invnr,st;_ 1 ) (1$i$n)
result' = if Equa!Values(result,NullToValue(st')) --+ result
D ...,EqualValues( result,N uil To Value(st ')) -.Scale(result,ind,st')

fi
(body,newinvnr,st') = CallMethod(result',ci,mip, < r; >:'.: 1,stn)
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(r ,synch,release,aml,sml,st")
= Eval(body,UndefReference(st'),newinvnr,st')
Property: •synch; /\ -.release; A sml;=<> (l::;i::;n)
This case also deals with method-invocation, but wherea.s in the previous c.aae the fet.ched method. was a feature

of the object that was referred to by reference 'result', the method is now fetched from an ancestor-class (which
is indicated by index ei) of that object. In order to correctly evaluate this method-body, the object that ie
referred to by 'result' should be cast to this ancestor-class (the casting is indicated by index 'ind').

D

ct::castind(e)
-+ (r,FALSE,FALSE,aml,sml,st'),
with e E (Tr.)exPRESSJON
(r' ,synch,release,aml,sml,st ') = Eva!(e,Self(invnr ,st ),invnr,st)
r = if EqualValues(r',NullToValue(st')) -+ r'
D -.Equa!Values(r' ,Nul!ToValue(st')) -+Scale(r' ,ind,st')

fi
Property: •synch

A -.release

First, the expression is evalua.ted (which results in r'). In case r' differs from null, r' is cast (i.e. r' refers toa
part of an object). The a<lual casting ie performed by means of function Scale, where argument 'ind' specifiea

the casting.

D

ct::release
-+(result,FALSE,TRUE,<>,<>,st)
The GDP is released, therefore the corresponding field in the result ïs set to TRUE. The other fields have a
default value.

D ct::object;nd
-+(AccessObject(ind,st),FALSE,FALSE,<>,<>,st)
This evaluation returns the reference-loca.tion that is indicated by index ind'.
1

D

ct::attributea;p
--+(AccessAttr(result,aip,st),FALSE,FALSE,<>,<>,st)
This evalua.tion returns the reference--location of the attribute that is indicated by index 'aip' and is &lso a

feature of the object that is referred to by reference 'result'.

D

ct::parameterpip
-+(AccessParam(invnr,pip,st),FALSE,FALSE,<>,<>,st)
This evaluat.ion returns the reference-location of the parameter that is indicated by index 'pip' and that occurs
in the invo-:ation-hlock indicated by 'învnr 1 •

D ct::variablevip
-+(AccessLocVat(invnr,vip,st),FALSE,FALSE,<>,<>,st)
D

ct::integer;
-+(IntegerToValue(i,st) ,FALSE,FALSE, < >, < > ,st)
This eva.luatîon returns a reference to the object that corresponds with integer i.

D ct::booleanb
-+(BooleanToValue(b,st),FALSE,FALSE,<>,<>,st)
D

ct::realr
-+(Rea!ToValue(r,st),FALSE,FALSE, < >,< > ,st)
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D et::charc
-(CharToValue(e,st),FALSE,FALSE,<>,<>,st)
D et::string.
-(StringToValue(s,st),FALSE,FALSE,<>,<>,st)
0 et::null
-(NullToValue(st),FALSE,FALSE,<>,<>,st)
Thia evaluation returns a null·reference.

fi
Eval~tatementlist

Eval..statementlist : Codetree• x Referenee x Index x Symboltable
- Referenee x B x B x AmlType x SmlType x
Symboltable
EvaL.statementlist( <et; >:'= 1,result,invnr,st)
=
if n=O
- (result,FALSE,FALSE,<>,<>,st)
Dn>O
- if syneho - (ro,syneh 0 ,releaseo,aml 0 ,
sml 0 EB < block..statementn-l (et 2 , . .. ,etn) ,invnr) >,
sto)
D -.syneho - (r1 1syneh 1, release0 Vrelease" amloEBamll,smloEBsml 1 ,st1),
with (r 1,syneh 1,release 1,aml 1,sml 1 ,st 1) ~
EvaL.statementlist( <et; >:'= 2 ,r0 ,invnr, st0 )

fi.
with (ro,syneh 0 ,releaseo,aml 0 ,sml0 ,st0 ) = Eval(et 1 ,result,invnr,st)

fi,
with n~O. et; E

(Tr;)sTATEMENT

(l::;i::;n)

Thia (recursive) function evaluates a list of statements in order of appearance. lf the evatuation of one of these
statements haJte in a aynchronize the remaining statements are stored in a block·statemeot, which is then added to the

sml-list (i.e. the list that contains information on the halted statements) . Note that the returned value of an evaluated
statement ia pa.ssed to the next evaluation .

Eval~impleexpressionlist

EvaL.simpleexpressionlist : Codetree• x Referenee x Index x Symboltable
- Referenee x B x B x AmlType x SmlType x
Symboltable
Eval_simpleexpressionlist( <se;

>~ 1 ,result,invnr,st)

=

if n=O
- (result,FALSE,FALSE,<>,<>,st)
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Dn>O
---+ (ri,syneh 0 Vsyneh 1,release0 Vrelease 1,aml0 ffiaml 1,sml0 ffisml 1,st 1),
with (r0 ,syneh 0 ,release0 ,aml0 ,sml 0 ,st0 ) = Eval(se 1,result,invnr,st)
( ri,syneh 1,release 1,aml 1,sml 1,st 1) =
EvaLsimpleexpressionlist( <se; >~ 2 ,result,invnr,st 0 )

fi,
with n~O, et; E

(TE)s1MPLE...EXRESSION

(l:s;i:s;n)

This function evaluates a. list of eimple-expressions in order of a.ppearance.

In contrast to the previous function,

the evaluation of simple-expressione cannot be halted in a. synchronize. Again, the returned value of an evalua.ted
simple-expreseion is passed to the next evaluation.

D.2.2

EvaL.sml

Eval..sml : SmlType x Symboltable ---+ AmlType x B x Symboltable
Eval...sml( <eb; >~ 1 ,st)

if n=O
---+ ( <>,FALSE,st)
Dn>O
---+ if syneh---+ ( <sm]ffi <eb; >;'= 2 > ffiamli,release 1,st 1)
D •syneh---+ (aml 1ffiaml 2 , release 1 Vrelease 2 ,st 2 ),
with (aml 2 ,release 2 ,st 2 ) = Eval...sml( <eb; >i= 2 ,st1)

fi,
with (r,syneh,release 1,aml 1,sml,st 1)
= Eval( eb 1.et, UndefReferenee( st) ,eb 1.invnr ,st)

fi,
with n~O, eb; E (ct:Codetree x invnr:lndex) (l:s;i:s;n)
This function eva.luates a list of statements that are halted in a synchronize (as expla.ined in Appendix A this list

CAil

he considered as a sla.ck). lf the eva.luation of one of these statements halls in a synchronize, the halled statement
together with the remaining statements are stored in a new sml-list. This sml-list is then returned in combination with
the information on new asynchronous messa.ges that are halted in a synchronîze (i.e. amli).

D.2.3

EvaLaml

EvaL.aml : Am!Type x Symboltable ---+ P(Am!Type x ll3 x Symboltable)
EvaL.aml( <sml; >~ 1 ,st)
=
if n=O
---+ {( <>,FALSE,st)}
Dn>O
---+ (\::!j 1$j:s;MAX:s;n
(!J.am]i,release 2 ,st 2

(am]i,release 2,st2) E EvaL.aml( <sml; >i=I,i;ii,st1)
{(aml 1ffiaml2,release 1 Vrelease 2 , st 2 )}
), with (aml 1,release 1 ,st 1) = Eval...sml(smli,st)
), (MAX=l => deterministic scheduler)
:

fi,
with

n~O,

sml; E SmlType (l:s;i:s;n)
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Thia function evaluates a list of sm)-lists, where each sm1-list is evaluated by means of function Eval..sml. lf 'MAX'
equals 11 the sml-lists are evaluated in order of appearance; otherwise, they may be eva)uated in random order.

D.2.4

EvaLprogram

EvaLprogram : ProgramType x Am!Type x B x Symboltable
--+ P(Symboltable°)
EvaLprogram( <sn; >i= 1 ,aml,released,st)
=
îf n=O /\ aml=<>
--+ { <st>}
D n>O V amli=<>
--+ (Uaml 1 ,release 1 ,st 1
(aml 1 ,release 1 ,st 1 ) E EvaLaml(aml',st')
(Urow row E EvaLprogram(pt',aml 1 ,released',st 1 ),
{ <st>EBrow}
), with:
(aml',pt',released',st') =
îf •(n>O /\ released)
--+ (aml, <sn; >~ 1 , releasedVrelease 1 , st)
D n>O /\ released /\ sn 1 .delay=O
--+ (amlEB <<(block...statement 2 (ct, release),Undeflndex(st'))>>
,<sn; >i= 2 , release 1 , st"
), with (ct,st") = Parse6(sn 1 .text,st)
D n>O /\ released /\ sn 1 .delay>O
--+ (aml, <(sn 1 .text,sn 1 .delay-1)> EB <sn; >~ 2 , release 1 , st)

(1)

(2)
(3)

(4)

fi
fi
This function evaluates a Looks program, that is modelled by means of list of fragments and delays (to account for the
interactive character of the GDP). Four cases can be distinguished :
1. All fragments have been processed and no a.synchronous messa.ges are haJted in a synchronize: nothing happens.
2. No fragment can be received (either because a11 fragments have been processed, or because the GDP is bloc.ked):
the asynchronous messages that are halted in a synchronize are evaluated by means of function EvaLaml.
3. The GDP is released and the next fragment has been received: this fragment. is evaluat.ed in combination with
the asynchronous messages that are halted in a synchronize (if any). Furthermore, the GDP will be blocked
for as long as the evaluatîon of this fragment. lt will be released again by the evaluation of the release-term
that is appended to the fragment by means of a block-statement.
4. The GDP is released and the next fragment has not been received: the asynchronous messages that are halted
in a synchronize (if any) are evaluated. Furthennore, the delay of the next fragment will be decremented.

6 Parse is the function that analyzes a Looks program; it stores the class-definitions and objectdeclarations of this program in the symbol-table, while the statements of this program are returned
as terms of the term-algebra presented in this appendix. Function Parse has the following signature:
Parse: (Vr)" x Symboltahle __, Codetree x Symboltable

Appendix E
Symbol-table Functions
This appendix describes functions of the symbol-table that are used in the forma!
semantics of Appendix D. A complete forma! specification of the symbol-table can be
found in [Pee95].

• AccessAttr: Ref erence x IndexPair x SymbolTable--+ Address 1
addr := AccessAttr(ref,ip,st)
This function returns the reference-location of an attribute (that is indicated by
IndexPair 'ip') of an object (that is referred to by 'ref').
• AccessLocVar: Index x Index x SymholTable--+ Address
addr := AccessLocVar(invnr,nr,st)
This function returns the reference-location of the local variable with index 'nr'
of the invocation with index 'invnr'.
• AccessOhject: Index x SymbolTable--+ Address
addr := Access0bject(oi,3t)
This function returns the reference-location with index 'oi'.
• AccessParam: Index x Index x SymbolTable--+ Address
addr := AccessParam(invnr,nr,st)
This function returns the reference-location of the parameter with index 'nr' of
the invocation with index 'invnr'.
• Assign: Address x Value 2 x SymbolTable

-+

SymbolTable

st' := Assign(addr,val,st)
This functions copies the object-reference 'val' into reference-location 'addr'.
1 Type Address is used in the symbol-table manager to store information on reference-locations(Pee95]
2 Type Value is used in the symbol-table manager to store information on reference-locations or
object- referen ces [Pee95]
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• BooleanToValue: boolean x SymbolTable---> Value
val := BooleanToValue(b,st)
This function returns a reference to the (Looks) boolean object that corresponds
with boolean 'b'.
• CallMethod: Reference x Index x IndexPair x Reference*x
SymbolTable---> CodeTree x Index x SymbolTable
( codetree,invnr ,st ') := CallMethod (ref,ci,ip,aps,st)
This function fetches the body of a method ( that is indicated by IndexPair
'ip') of an object: 0 (that is referred to by 'ref') . Furthermore, the values of
the actual parameters are stored in an "invocation-block" that is referred to by
index 'invnr'. This block also contains reference-locations for the local variables
of the method and it contains a - possibly cast - reference (self) to object
0. In case the method is not implemented in O's type (say T) but in one of its
ancestors (say S), reference self (that is stored in the block) is cast to the S-part
of object 0 . Finally, index 'ei' indicates whether O's own body should be used
('ci'=Undeflndex(st)) or the body of an ancestor ('ci'~O).

• CharToValue: character x SymbolTable---> Value
val:= CharToValue(c,st)
This function returns a reference to the (Looks) character object that corresponds with character 'c'.
• EqualValues: Reference x Ref erence x SymbolTable---> boolean
b := Equa1Values(ref0 ,ref1 ,st)
This function indicates if 'refo' and 'ref1 ' refer to (parts of) the same object.
• GetBoolean: Ref erence x SymbolTable---> boolean
b := GetBoolean(ref,st)
This function returns the boolean value that corresponds with the Looks boolean
object (that is referred to by 'ref') .
• lntegerTo Value: integer x SymbolTable

--->

V alue

val := IntegerToValue(i,st)
This function returns a reference to the (Looks) integer object that corresponds
with integer 'i' .
• New: Address x SymbolTable

--->

SymbolTable

st' := New(addr,st)
This function creates a new object and stores a reference to this object at
reference-location 'addr'.
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• NullToValue: SymbolTable--> Value
val := NullToValue(st)
This function returns a (Looks-) value null.
• RealToValue: real x SymbolTable--> Value
val := RealToValue(r,st)
This function returns a reference to the (Looks) real object that corresponds
with real 'r'.
• RevAssign: Address x Value x SymbolTable--. SymbolTable
st' := RevAssign(addr,val,st)
This function checks whether 'val' refers to an object whose type conforms to
the type of reference-location 'addr'. If the types conform, a reference to this
object is stored at 'addr'; otherwise a null-reference is stored.
• Scale: Reference x Index x SymbolTable--. Value
val := Scale(ref,distance,st)
This function returns a reference 'val' that contains a (cast) reference to the
object that is referred to by reference 'ref'. The casting is specified by means of
index 'distance' that indicates to which part of the object 'val' should refer.
• Self: Index x SymbolTable--> Value
self := Self(invnr,st)
This function returns a reference to an object (say 0), where 'invnr' indicates
an "invocation-block" of one of O's methods.
• StringToValue: String x SymbolTable--. Value
val := StringToValue(s,st)
This function returns a reference to the (Looks) string object that corresponds
with string 's'.
• Undetlndex: SymbolTable--> Index
ind := Undeflndex(st)
This function returns an undefined index.
• Undeffi.eference: SymbolTable--> Ref erence
ref := Undeflndex(st)
This function returns an undefineJ reference.
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Summary
The work presented in this thesis originates in the observation that in current animation and simulation systems the animation tasks are tightly coupled to the other
tasks of an application, e.g. the actual simulation calculations. As a result, programs
for such systems tend to be complex because of the interleaving of the various tasks.
Furthermore, the usually complicated motion calculations of the animation tasks wil!
slowdown the performance of the system.
Chapter 2 introduces an animation system, the Generalized Display Processor (GDP},
that does take into account this decoupling of animation tasks and other tasks of an
application. Of course there has to be some communication from the application to
the GDP. For this purpose the script-language Looks is designed {Chapter 3). Since
an animation can be considered as a collection of autonomous moving objects, the
language Looks is based on the paradigms of object-orientation and concurrency. With
respect to object-orientation Looks supports concepts such as multiple and repeated
inheritance, genericity, and dyuamic binding. The concurrency mechanism of Looks is
based on pseudo-parallelism, because this synchronization principle perfectly matches
the global synchronizations within an animation (i.e. rendering the various frames).
The design of the GDP and its four constituents - parser. interpreter, renderer, and
symbul-table - is explained in Chapter 4. The next chapter discusses the implementation of three important aspects of the GDP: abstract syntax trees with their
interpretation, garbage collection, and run-time library linking.
ChapLer 6 presents a class library that can be used in combination with the language
Looks. Since the primary goal of the GDP is interactive computer animation, the
class library most importantly deals with classes for events, graphical user interfaces,
<lirect manipulation, rendering (geometry, topology, light sources, camera}, kinematics,
inverse k.inematics, and dynamics.
ChaptE'r 7 shows how Looks and its accompanying classes can be used to create a
simple animation that contains inverse kinematics motion and direct manipulation.
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Samenvatting
Het werk di:.t beschreven wordt in dit proefschrift vindt zijn oorsprong in de observatie
dat in huidige animatie- en i;:imulatiesystemen de animatietaken nauw verweven zijn
met de overige taken van een applicatie, zoals bijvoorbeeld de feitelijke simulatieberekeningen. Deze verweving heeft tot gevolg dat programmatuur voor dergelijke
s~rstemen complex is. Daarnaast zullen de vaak ingewikkelde bewegingsberekeningen,
zoals die gebruikt norden ten behoeve van de animatietaken, de snelheid van het gehele
systeem nadelig beïnvloeden.
In hoofdstuk 2 wordt een animatie-systeem, de Generalized Display Processor (GDP),
geïntroduceerd dat gebaseerd is op een ontkoppeling van de animatie-taken en de
overige taken van een applicatie. Uiteraard dient er enige communicatie te zijn van
een applicatie naar de GDP. Voor dit doel is de script-taal Looks ontwikkeld (hoofdstuk
3) . Aangezien een animatie beschouwd kan worden als een verzameling autonoom bewegende objecten is de taal Looks gebaseerd op de paradigma's van object-orientation
en concurrency. Met betrekking tot '.>bject-orientation ondersteunt Looks concepten
zoals multiple en repeated inheritance, genericity en dynamic binding. Het concurrency mechanisme van Looks is gebaseerd op pseudo-parallellisme aangezien dit synchronisatie mechanisme uitstekend aansluit bij de globale synchronisatie binnen een
animatie, namelijk het tekenen van de diverse plaatjes.
Het ontwerp van de GDP en zijn vier componenten - parser, interpreter, renderer,
en symbol-table - wordt uitgelegd in hoofdstuk 4. Het daaropvolgende hoofdstuk
behandelt de implementatie van drie belangrijke deelaspecten: abstract syntax trees
en bijbehorende interpretatie, garbage collection en run-time library linking.
Hoofdstuk 6 beschrijft een class bibliotheek die gebruikt kan worden in combinatie met
de taal Looks. Aangezien het hoofddoel van de GDP bestaat uit interactieve computer
animati\.) richt deze bibliotheek zich voornamelijk op classes voor events, grafische user
interfaces, directe manipulatie, tekenen (geometrie, topologie, lichtbronnen, camera),
Kinematica, inverse kinematica en dynamica.
In hoofdstuk 7 wordt gedemonstreerd hoe Looks en de bijbehorende class bibliotheek
gebruikt kunnen worden om een eenvoudige animatie te maken die bestaat uit inverse
kinematica en directe manipulatie.
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Stellingen
behorende bij het proefschrift

Design of an Object-Oriented, Interactive
Animation System
van

Eric Peeters

1. Interactieve animatie [l] dient niet verward te worden met interactieve ontwikkeling van animatie [2] .

[l] Hoofdstuk 1, dit proefschrift.
[2] Jane Wilhelms, Toward Automatic Motion Control, IEEE CG&A, blz. 1122, april 1987.
2. Quasi-parallellisme dat gebruik maakt van non-deterministische scheduling in
combinatie met globale synchronisatie [1] is een geschikt concurrency mechanisme voor een animatie-systeem.
[l] Hoofdstuk 3, dit proefschrift.
3. Huidige interactie technieken schieten tekort voor selectie en directe manipulatie
van autonoom bewegende 3-D objecten.
4. Het feit dat in C++ methods per default niet dynamisch gebonden worden [1]
komt de herbruikbaarheid van classes in deze programmeertaal niet ten goede.
[1] Bjarne Stroustrup, The C++ Programming Language, S econd Edition,
Addison-Wesley, 1991.
5. De algemene oplossing voor het vinden van een lijn m door een punt P en loodrecht op een lijn l, zoals beschreven in [1], is niet algemeen. De oplossing is
namelijk niet gedefinieerd als P op 1 ligt.
[1] Andrew S. Glassner (editor), Graphics Gems, Academie Press, 1990.
6. Copy-and-paste mechanismen, die de gebruiker in staat stellen om programmafragmenten snel te dupliceren, zijn niet bevorderlijk voor het verkrijgen van de
juiste abstracties in een programma.

7. Het feit dat een belangrijk deel van de levenscyclus van computerprogrammatuur
bestaat uit coderen, testen en onderhoud weerspiegelt zich niet in het curriculum
van de studie Technische Informatica aan de Technische Universiteit Eindhoven

[l].
[1] Studiegids 1995-1996, Technische Universiteit Eindhoven.
8. De vaak dure, specialistische apparatuur van een universiteit kan doelmatiger
gebruikt worden indien zij 24 uur per dag en 7 dagen per week toegankelijk is
voor medewerkers en studenten.
9. De eigenschap om, net zoals Carl Friedrich Gauss, ontdekkingen slechts op te
schrijven in een dagboek of persoonlijke correspondentie [l] wordt in het huidige
universitaire klimaat niet gewaardeerd.
[1] Dirk J. Struik, A Concise History of Mathematics, Fourth Revised Edition,
Dover, 1987.
10. De tekst "Op slot? Buit eruit!", aangetroffen op aanwijzingsborden bij parkeerplaatsen, suggereert dat men het voertuig beter niet af kan sluiten.
ll. Gezien het rendement van het aandelenpakket dat is samengesteld door een
fictieve aap, zoals beschreven in The Wall Street Journal [l], zou over inkomsten
verkregen uit beleggingen kansspelbelasting geheven dienen te worden.
[l] Henny van der Pluym, De beste belegging, Intermediair, 30e jaargang nummer 48, 2 december 1994.
12. De combinatie van een promotie en een volledige betrekking heeft als voordeel dat
men zich geen zorgen hoeft te maken over de keuze van een vakantiebestemming.
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