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Abstract

The present work compiles numerous papers in the area of computer�aided design�
graphics� layout con�guration� and user interfaces in general� There is nearly no con�
ference on graphics� multimedia� and user interfaces that does not include a section on
constraint�based graphics� on the other hand most conferences on constraint processing
favour applications in graphics� This work of bibliographical pointers may serve as a
basis for a detailed and comprehensive survey of this important and challenging �eld in
the intersection of constraint processing and graphics� In order to reach this ambitious
aim� and also to keep this study up�to�date� the authors appreciate any comment and
update information�
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� Introduction

Research in the area of layout� graphics� computeraided design �CAD�� and visualization
comprises more and more novel techniques of the arti�cial intelligence �AI� discipline�see
e�g�� �Smithers� �
	
� Foley et al�� �

�� Catarci et al�� �

�� Maybury� �

��� The present
work focuses on constraint processing and compiles numerous papers in conjunction with
�intelligent� graphical design and visualization��

Already here we would like to point to a few papers just to illustrate the existence of
the intersection area of constraint processing and graphical design� For instance� �Maleki�
�
	�� employs interactive graphics to build the constraint network� whereas �Maulsby et al��
�
		� uses constraint solving in interactive graphics� �Gleicher� �

�� discusses constraint
based interactive graphical applications in a broad sense� �Sistare� �

�� provides both the
constraint description and the underlying geometry in one graphical framework to make
it easier for the user to understand the representation of both� �Amarel et al�� �

�� also
points to intelligent problem solving methods as� e�g�� constraint processing� due to the
design complexity� As graphics infrastructure becomes more and more sophisticated� also
commercial activities have concentrated on constraintbased graphical applications �Cras�
�

�� Kurlander et al�� �

���
The constraint satisfaction problem �CSP� comprises a set of n variables with associated

�nite domains �FDs�� and some combinations of value assignments ��constraints�� to the
variables� then� in order to get the globally consistent solution� we need to compute the set
of all ntuples consistent with the given constraints�� ��Tsang� �

�� may serve as a further
reference� Please further consult �Freuder et al�� �

����
By and large� there are mainly two di�erent qualities of constraint solving techniques�

local constraint propagation and global constraint satisfaction� Brie�y speaking� the distinc
tion is as follows� local propagation just considers those parts which are closely related to
each other and works only on a subset of the problem� global satisfaction however copes
with the matter as a whole� Or from another point of view� a local technique tries to rule
out values which are identi�ed to be of no further use and thereby potentially reduces the
domains of the variables� a global algorithm however keeps track of the interrelation of the
values and maintains complete combinations� The result of local propagation� the socalled
�locally consistent solution�� is an ntuple of �domain� sets� whereas the result of global
satisfaction� the socalled �globally consistent solution�� is a set of ntuples enumerating all
possible combinations�� Although local propagation is a fast technique we would already
now like to take the opportunity to point to the fact that local consistency does not imply
global consistency�cf� also �Kramer� �

�� �p� ��� footnote��� Thus� the locally consistent
solution may just serve as a preprocessing state� the correct instantiations of the variables

�Although a constraint�based philosophy is found in nearly all the papers there are cases where the
implementation of this idea has not been performed by constraint processing techniques in a narrow sense�
nevertheless� we have cited some of them due to their intention�

�Striving for all combinations is important in a lot of real�world applications� for instance� modelling a
set of tra�c lights requires all possible colour assignments ��Hower� 	

��� Furthermore� in computer�aided
layout design all potential con�gurations should be o�ered to the user� this feature is one of the reasons to
employ a constraint�based approach� �You may consult �Van Hentenryck� 	

���

�By 	� August 	

� the �rst author has similarly reported this clari�cation to the internet newsgroup
comp�ai �

�You may consider �Dechter and van Beek� 	

�� regarding the way of the quality of a locally consistent
solution to a globally consistent one�

�



must still be tried� Please note that this view of local propagation is di�erent to the one used
by most of the local propagation solvers mentioned in this survey� However� the statement
above is an important classi�cation in regard to the classical CSP� local consistency in the
sense just described above is incorporated in the FD solvers mentioned in our paper� In
�Borning� �
	�� the weakness of local propagation has already been recognized� and it refers
to the need of a global analysis�see also �Helm et al�� �

�� �p� ����� �Faltings and Sun�
�

�� states the fact that binary constraint networks are often not expressive enough and
prefers user interaction when some modi�cations come up �pp� ��������� there�� �Faltings�
�

�b� nicely motivated a constraintbased approach to CAD� �Haroud and Faltings� �

��

deals with global consistency for continuous domains�
It is no surprise that in the material considered for this work it has really turned out that

constraint satisfaction techniques are fundamental to intelligent CAD� Let�s have a look at
some prominent citations� �Constraints will be taking an increasingly prominent position in
our paradigms for programming in the years to come���see �Borning� �
	�� �p� �	��� ������ in
the cad�cam community ����� constraint systems have become de rigueur for �serious� cad
systems���see �Kramer� �

�� �p� xviii�� �The development of computer graphics constraint
systems has been of considerable interest in recent years���see �Rankin� �

�� �p� ���� In
the papers taken into consideration local propagation� in the sense mentioned by the �rst
item of subsection ���� has been the method mostly preferred�probably due to the e�ciency
of the procedure� Unfortunately� it sometimes leaves to the reader to imagine how global
consistency is achieved��

Although nearly each paper mentioned in this survey includes a section on related work�
there seems to be a large demand for a complete overview about the current state of the
art� Our bibliography points to research literature in the �eld of constraintbased graphical
design�� We have tried to form clusters collecting papers belonging to a common theme�
However� in order to suppress multiple citings of articles at various places in this survey and
also to save space we have decided to sometimes cite them just once� Please note that due to
time limitations we are only able to mention most of the contributions without commenting
on all of them in detail�
This paper is organized as follows� First� in section � we brie�y discuss di�erent views

on constraints and constraint processing and overview the programming paradigms and con
straint solving techniques that have been applied to graphical applications� We propose
a classi�cation of the di�erent approaches according to the models they use for constraint
solving� Section � surveys constraintbased graphical applications according to the classi�
cation given in section �� while section � addresses geometrical layout problems that can be
formalized as CSPs� In section � we describe some special features of constraint solvers for
graphical applications whilst section � spots further techniques� Final remarks conclude the
present work�

�In some cases just simple assignment techniques seem to get employed� �Backtracking�like algorithms
are discussed in �Zahn and Hower� 	

���

�It was a laborious job to collect all these articles from so many diverse sources� the present paper
probably provides such an exhaustive collection for the �rst time� This work has bene�ted from extensive
overviews given in �Leler� 	
���� �Borning et al�� 	

��� �Sannella� 	

��� �Fron� 	

��� and �Gleicher� 	

���
where some information presented here has been derived from�

�



� Constraints for Graphics and Visualization

As it has been shown in previous work many graphical and multimedia automation tasks can
be facilitated e�ciently using constraint processing techniques� Especially� constraints have
been used extensively in automated geometric layout to maintain visibility and consistency
in interactive user interfaces� The declarative semantics of constraint languages allows one
to specify graphical objects and their interrelationships while avoiding extraneous concerns
about the realization of the visualization algorithms� Moreover� applying constraints to
graphical displays automatically allows a better control of the design space and facilitates
an incremental redesign of a generated presentation on the �y� This decoupling of the
visualization from the application code results in easy modi�cation and elegant speci�cation
capabilities and facilitates adaptive and �exible presentations�
Another major advantage is the ability of constraints to describe complex objects simply

and naturally� Thus constraint networks provide an elegant mechanism to state design
relevant knowledge about heterogeneous geometrical and topological relationships declara
tively� while characterizing properties between di�erent kinds of graphical objects that can
be maintained by the underlying system� They can easily be used to specify layout require
ments in graphical environments in order to guarantee local circumscriptions of the presen
tation such as format restrictions� margins� distances� and nonoverlapping� or to maintain
consistency among objects in the whole document� Furthermore� constraint programming
techniques have been used to declaratively represent aesthetic knowledge� e�g�� basic design
principles expressing perceptual criteria �cf� �Graf� �

����

��� Paradigms and Methodology

Our classi�cation is mainly based on the distinction between two di�erent research �elds�
also represented by di�erent communities�which have been addressed by constraint pro
cessing techniques� the classical �eld of constraint satisfaction �CS� versus the broader area
of constraint�based inference �CBI�� While CS refers to problem solving using constraints�
CBI means problem solving on constraints� In our application area related work on CS is
concerned with the search for all solutions of a CSP such as in combinatorial placement
problems in discrete� �nite domains� while CBI is mainly concerned with the modi�cation
of �sub�solutions such as in interactive graphical interfaces�
In CBI� constraints usually do not state an NPcomplete problem� Here the solution of a

constraint problem �not a CSP in the traditional sense� frequently is only one issue of a more
general design goal that can be achieved by using knowledge about the constraints such as
in intelligent presentation systems �cf� WIP �Andr�e et al�� �

���� CS is employed to �nd
all� one� or the best solution of a CSP such as in combinatorial placement and optimization
problems� It may be seen as a subset of the more general technology of CBI and can also be
used as part of it in a particular problem scope�
According to �Borning et al�� �

�� Sannella� �

��� this classi�cation re�ects the two

major approaches� the perturbation model and the re�nement model � Most of the mentioned
CBI systems are based on the perturbation model that uses the value inference technique�
Valueinference constraint solvers assign constant values to some variables and use constraints
to determine values of remaining uninstantiated variables allowing other constraints to be
selected etc� Here constraints reduce the search space by propagating values as soon as
possible� This technique enables a datadriven computation� i�e�� each constraint has a set of

�



procedures� methods in an objectoriented sense� that can be invoked alternately to satisfy
the constraint�
The re�nement model usually is used in CS systems� such as all �nite domain solvers�

which are based on constraint propagation techniques�consistency or search algorithms�
referred to as label inference �Faltings� �

�a�� Some approaches have also applied re�nement
based solvers to interactive graphical interfaces �cf� �Helm et al�� �

���� For most graphics
applications the perturbation approach has been approved rather than the re�nement model
since ��� it is more e�cient and easier to implement� ��� it provides facilities of control to
assign speci�c values to variables� and ��� variables with changeable values enable editing
and interaction� However� value inference is rather insu�cient for solving combinatorial
problems since it mainly works for equational constraints� An additional feature of the value
based approach is provided by the wellknown Blue algorithms �FreemanBenson et al�� �

��
Sannella� �

��� they are structure�based in the sense that they generate plans which can
repeatedly be reused�
Furthermore� constraint languages can be compared according to the variable domains

and constraint types they support� e�g� equations�inequalities�disequations� numeric�symbolic�
geometric� extensional�intensional� explicit�implicit� static�dynamic� oneway�multiwaymeth
ods� and one�multioutput� The di�erent approaches also show the tradeo� between declar
ativity�universality vs� e�ciency� Moreover� the constraint paradigm can be applied in an
active or passive manner to graphical applications� It can serve as a knowledge representation
formalism and a computational model as well as an e�cient control mechanism�

��� Constraint Solving Techniques

The wide �eld of constraintbased graphics systems subsumes many classes of constraint
solving techniques di�ering in the solving algorithm and propagation� especially methods for
constraint optimization and the handling of cycles� overconstrained situations �partial CS��
and dynamic input� among others� Here� crucial points include e�ciency and incrementality�
By and large� we can distinguish the following categories� local propagation� �nite domain�
numerical� symbolic� geometric as well as application and domainspeci�c solvers�

Local propagation solvers Local propagation is the most commonly used constraint solv
ing technique in graphical applications� It has a long tradition in constraint pro
cessing and has been investigated extensively �e�g�� Sketchpad �Sutherland� �
��� and
ThingLab �Borning� �
�
��� Local propagation solvers propagate values� states� and
degrees of freedom �DOFs�� Besides� in the graphics domain� local propagation often
works in an �assignment� mode to just inform other variables about some variable
instantiation�s�� Then� when k �� n� variables are given in a subnet� we need the
instantiation of k � � variables to determine the value of the remaining one� this is
also called onestep deduction� �However� some systems even allow the propagation
of algebraic expressions�as the one presented in �Gosling� �
	���� Advantages of lo
cal propagation for graphical applications are� ��� e�ciency� ��� generality� and ���
debugging facilities for variable computation� A typical disadvantage is that local
propagation cannot handle cyclic constraint nets and nonequational constraints�

Finite�domain solvers Finitedomain constraint techniques� derived as a subset of general
constraint processing� state an important paradigm emerging from AI �cf� �Mackworth�
�

�� Kumar� �

���� They have a wide applicability for highlycomplex combinatorial
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con�guration and optimization problems� such as geometric placement� The innovative
idea of �nitedomain constraint solving in graphics lies in the active use of constraints
to prune the search space a priori by removing combinations of values which cannot
appear together in a solution� in order to avoid combinatorial explosion� Consistency
algorithms and search procedures� including lookingahead and intelligent backtracking
methods� are in use to e�ciently solve CSPs �cf� �Van Hentenryck� �
	
��� Geomet
ric CSPs are treated in more detail in section �� �Hower� �

��� may serve as one
representative which ensures global constraint satisfaction in �nite domains�

Numeric solvers Numeric solvers� that evolved from research in the �eld of operations re
search� use iterative approximation techniques� such as classical relaxation� the gradi
ent� NewtonRaphson or LevenbergMarquardt method �Press et al�� �

��� for solving
large sets of linear and nonlinear constraints among realvalued variables� But usually
they are not e�cient enough for graphical applications and may not converge on a
solution for all constraints� For instance� the NewtonRaphson iteration �e�g�� used in
Juno �Nelson� �
	�� Heydon and Nelson� �

�� and Converge �Sistare� �

��� changes
all constrained variables at each iteration step� The LevenbergMarquardt iteration� a
leastsquares method that is used in Chimera �Kurlander and Feiner� �

��� achieves
better numerical e�ciency� Frequently� iterative numerical techniques are employed in
situations when local propagation fails �because of cycles or simultaneous constraints��

Further examples of numerical solvers are the systems TRIP�COOL �Kamada� �
	
���
QOCA �Helm et al�� �

��� and Bramble �Gleicher� �

��� Numerical solvers which are
limited to linear� algebraical constraints are provided by� for example� METAFONT
�Knuth� �
	�� and IDEAL �van Wyk� �
	���both systems do not have a WYSIWYG
interface� Numerical solvers for a �xed set of nonlinear constraints are used within
the drawing programs Briar �Gleicher and Witkin� �

��� Converge �Sistare� �

��� and
IntelliDraw� the Aldus�s commercial drawing program�they are WYSIWYG but do
not have a programming view�

Symbolic solvers Another class of solvers �socalled graph transformation solvers that use
algebraic term rewriting rules�exploit symbolic techniques� For example� the solver in
the system GITS �Olsen Jr� and Allan� �

�� uses a rather simple approach by referring
to a table of precompiled constraints to resolve cycles� The graphical editor Magritte
�Gosling� �
	��� that supports only a small set of algebraic constraints� exploits a more
elaborated approach of replacing cycles through algebraic transformations� General
constraint languages based on term rewriting solvers have also been used in the context
of graphical applications� for example the systems Bertrand �Leler� �
		�� Equate �Wilk�
�

��� and Siri �Horn� �

���

Geometric solvers Here� we point to the socalled geometric constraint engine by �Kramer�
�

��� which provides a geometric constraint solver that allows direct inferences along
DOFs of geometric entities�

Domain�speci
c solvers Many graphics and visualization systemsmake use of application
speci�c and domainspeci�c constraint solvers that restrict the represention of and
reasoning about constraints to a certain domain� Many of them support equations

��Hower and Jacobi� 	

�� illustrates a distributed approach
�you may also consult �Takahashi et al�� 	

��
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and inequalities among realvalued variables and provide numeric as well as symbolic
techniques for solving them� But usually they are limited to problems that can be
formalized as sets of constraints within the corresponding domain� Examples are the
graphical editors Bramble �Gleicher� �

�� and QOCA �Helm et al�� �

�� as well as a
surface modelling tool developed by �Welch and Witkin� �

���

��� Classi�cation of the Di�erent Viewpoints

The various approaches strongly depend on the structure and complexity of the speci�c ap
plication domain� For example� we may consider the graphics type �e�g�� rectangles�triangles�
�D informational graphics such as graphs� �owcharts� and networks� �D realistic graphics�
multimedia items� and animation� and the question whether dynamic�temporal informa
tion and user interaction is required� Furthermore� we can distinguish between applications
where constraints are generated or inferred automatically on the �y and others that require
userde�ned constraints�
Hence� constraint formalisms and constraint solving algorithms have been used in dif

ferent forms and qualities� According to major di�erences in the use of constraints� we
will classify constraintbased graphics approaches as follows� ��� generalpurpose constraint
programming languages and systems �extending programming languages by constraint for
malisms� that sometimes include domainspeci�c constraint libraries� ��� general constraint
solvers� ��� constraint solvers integrated in user interfaces� and ��� pure applications that�
besides others� make use of constraints�
In many cases general local propagation solvers such as DeltaBlue �FreemanBenson et al��

�

�� and SkyBlue �Sannella� �

�� have been used in a number of applications� including the
userinterface toolkit MultiGarnet �Sannella� �

��� the constraint imperative programming
language Kaleidoscope �FreemanBenson� �

��� the drawing program CoolDraw �Freeman
Benson� �

��� the �D animation system TBAG �Elliott et al�� �

��� and the virtual reality
system VB� �Gobbetti and Balaguer� �

��	�
Frequently� constraint solvers and imperative programming languages have been inte

grated by modifying an objectoriented system� For example� Garnet �Myers et al�� �

���
Rendezvous �Hill et al�� �

�� Hill� �

��� and PICASSO �Rowe et al�� �

�� use the facilities
of an objectoriented system in order to associate constraints to particular object slots and
invoke a local propagation solver when these slots are changed�
In contrast to general constraint satisfaction� many approaches in this area use constraints

only on a preprocessing stage and exploit other mechanisms �e�g�� optimization algorithms�
for problem solving� In the following� we will compare the bulk of local propagation solvers in
interactive graphical applications to the diverse set of other techniques� especially constraint
satisfaction� For this bibliographical survey� we have chosen a classi�cation following the
di�erent application areas�

� Constraint�based Graphical Applications

Related work on geometric layout� graphics� and visualization issues is immanent to a large
spectrum of application domains which includes the following categories� interactive graphi
cal �drawing and editing� systems� user interface management systems �UIMSs�� layout and

	see also �Balaguer and Gobbetti� 	

��

	



display managers� intelligent CAD systems� multimedia presentation systems� programming
byexample� �D��D computer graphics and animation systems� and visual programming lan
guages� Furthermore� there are a lot of graphical applications which apply constraints only
rudimentarily� while there seems to be less e�ort on principled constraintbased graphics
systems�

��� Graphical Editing and Drawing

Since constraint satisfaction techniques have becomemore and more sophisticated during the
last decade� and with the growing availability of advanced graphics hardware� there has been
an upward trend in applying constraint technology to computer graphics� Thus� most of the
related work on applications of constraint languages and systems has been done in the area
of interactive graphical interfaces� especially in geometric layout� Much of the recent work
on geometric layout in interactive graphics systems also comprises new constraint processing
techniques� Obvious applications of constraintbased drawing programs are CAD systems�
Based on Sketchpad� the pioneering system in constraintbased languages and object

oriented programming as well as in interactive graphics� subsequent ideas led to the constraint
oriented simulation laboratory ThingLab� Further research activities on constraintbased
graphics systems focussing geometric layout include the systems IDEAL� Magritte� Juno�
and Bertrand� These early approaches supported only a limited set of graphic primi
tives and constraint types� Most of them� including Sketchpad and ThingLab� did not
use a real declarative representation of constraints� Juno� �Heydon and Nelson� �

��

is a constraintbased doubleview drawing editor which combines numeric and symbolic
techniques� It enables solving of cyclic constraint nets and provides a powerful declara
tive language in order to enrich its extensible class of nonlinear constraints� Constraint
solvers used for surface modelling in user interfaces and in graphical editors �Gleicher� �

��
Helm et al�� �

�� are mostly limited to problems where the constraints can be expressed in
terms of numeric relations� LayLab�s constraintbased graphical editor InLay �Graf and Neu
rohr� �

�� supports interactive multimedia layout� authoring� pre�postediting� and beau
ti�cation tasks� TRIP�s �Kamada� �
	
� Kamada and Kawai� �

�� Takahashi et al�� �

��
Miyashita et al�� �

�� integrated constraintbased object layout system COOL formats
graphs by minimizing the total energy of �springs� between the nodes �expressed as a
quadratic function of the node positions�� Further drawing and editing programs are CoDraw
�Gross� �

��� CoolDraw� and Oak �Tonouchi et al�� �

���

��� Intelligent CAD

Graphical constraints �Szwillus� �

�� already have a long history in the area of arti�cial
intelligence in design �Pfe�erkorn� �
���� �Sutherland� �
��� already proposes to use graphics
as a medium of communication and illustrates the �constraint�oriented approach from the
�rst sketch to its complete �nish� �Johnson� �
��� and �Thennarangam and Singh� �

�� cope
with �D modelling� Constraint processing as a knowledge representation paradigm as well as
an inference mechanism is used in a broad spectrum of applications� a more recent paper is�
for instance� �Tanimoto� �

�� in the area of con�guration �of user interfaces�� �Klein� �

��

also points to interesting issues in the frame of con�guration problem solving� �Young et
al�� �

�� and �Nagai and Terasaki� �

�� prefer a constraintbased modelling in engineering�
�Gross et al�� �
		� illustrates the use of a �constraint manager� system in the wider area of






�design�� �Shimada et al�� �
	
� suggests a constraintbased framework for intelligent CAD
systems� �Liu and Popplestone� �

�� lists several sorts of constraints� �Kalra and Barr�
�

�� proposes that the system should maintain the relations among objects� In �Nourani
and Magalh�aes� �

�� the user checks global consistency� �Phillips et al�� �

�� rises the
problem of both under and overspeci�cation of constraints� �HelOr et al�� �

�� proposes
the use of inexact satisfaction of constraints as a means to express a general outline to avoid
overspeci�cation� �Veltkamp� �

�� prefers an incremental technique �instead of the usage
of a constraint logic programming system� for interactive design purposes and deals with
underconstrained situations� �Olsen Jr� and Allan� �

�� prefers interactive techniques� too�
�Rappoport� �

�� points to a higher level interface when indicating the constraints among
geometrical objects� �Tsang� �

�� brie�y mentions the notion of kconsistency which means
that it is possible to consistently assign values to k �� n� variables of the CSP�

��� Automated Layout Design of Graphical and Multimedia Pre�

sentations

Since the layout of a presentation often conveys the structure� intention� and signi�cance of
the underlying information� besides many other approaches �such as rule�casebased rea
soning� simulated annealing� genetic algorithms� especially constraintbased layout design
facilities play a crucial role for the design of automatically generated as well as userde�ned
graphical and multimedia presentations� Recent approaches investigate the use of constraint
based formalisms for declaratively representing graphical design knowledge in order to pro
duce aesthetical as well as adaptive and coherent layouts�
Marks investigated the encoding of arcnode diagrams in his ANDD system that grouped

nodes sharing common graphical values to reinforce perception of graphical properties�
Besides a rulebased realization and an expensive genetic algorithm� a constraintdriven
approach is detailed in �Dengler et al�� �

�� that uses a generalization of the simple �mass
spring� layout technique for constraint solving�
Graf has developed the constraintbased multimedia layout framework LayLab �Graf�

�

�� Graf� �

�� Graf� �

�a� which incorporates a collection of two dedicated solvers in
cluding the local propagation solver SIVAS and the �nite domain solver FIDOS� SIVAS 
extends the constraint hierarchy solver DeltaBlue by indirect reference constraints in or
der to allow for dynamic input and user interaction� FIDOS encodes placement heuristics
as domainspeci�c constraint abstractions and uses forward checking for e�ciently solving
them� Furthermore� LayLab deals with page layout as a rhetorical force� in�uencing the
intentional and attentional state of the user �Graf� �

�b��

��� Design of User Interfaces

Rapidly expanding activities on graphical and multimedia interface toolkits have addressed
the area between visual interfaces and constraintbased systems� User interface construction
systems are similar to drawing programs since they have to determine size� position� and
behaviour of the interface items� In user interface tools� by far the most common technique
to solve constraints is local propagation� It has the advantage of being rather e�cient and
very general� which is required in user interface construction�
Many userinterfaces design systems have provided integrated constraint solvers� includ

ing the prominent examples ThingLab II �Maloney et al�� �
	
�� Garnet� and Rendezvous�

��



ThingLab II was concerned with extensions of the original ThingLab supporting constraint
hierarchies� incremental compilation� and graphical facilities for de�ning new kinds of con
straints�
The constraint solver in Garnet supports only oneway constraints of the same strength

but provides some additional features �Vander Zanden et al�� �

��� indirect reference con
straints of source variables �experimenting both with a lazy evaluation and an eager eval
uation algorithm�� tolerance of side e�ects and a defaulting mechanism for dealing with
uninitialized variables� This full�edged toolkit has achieved considerable �exibility when
extended to MultiGarnet by multiway constraints and hierarchies�
The Rendezvous language and architecture which is developed for distributed applica

tions �as in computer supported cooperative work� also allows only oneway constraints and
supports for indirection in sources and targets �implemented with an eager algorithm�� tol
erance of side e�ects� and a special mechanism for handling uninitialized variables� The user
interface construction tools TRIP �Kamada and Kawai� �

��� TRIP��DeltaTrip �based on
DeltaBlue� �Takahashi et al�� �

��� and TRIP� �Miyashita et al�� �

�� map abstract objects
and relations onto sets of graphical items and geometric relations for visualization�
The user interface editor Opus �Hudson and Mohamed� �

�� provides several display

techniques for constraints that reduce the typical cluttering e�ect of display objects�
The use of constraints with priorities for specifying inter and intrawindow relations

in systems for window management and arrangement is illustrated in the nonhierarchical
window manager RTL�CRTL �Cohen et al�� �
	�� �that is partially rulebased� and the
Constraint Window System CWS �Epstein and LaLonde� �
		�� The latter uses constraint
hierarchies in a layout system for Smalltalk windows� e�g�� to de�ne relations among the
canvas size� window size� and scaling factors� Like a module of a UIMS� Chisel �Singh and
Green� �
	
� creates interactive screen layouts from information about dialog requirements�
display devices� and user preferences� Here the placing of socalled interaction techniques is
based on constraints which are associated with a measure of speci�city�
Further user interfaces and interface design systems that use constraints include GROW

�Barth� �
	��� Peridot �Myers� �
		�� Lapidary �Myers et al�� �
	
�� MEL �Hill� �

��� GITS�
Animus �Duisberg� �
	��� and the FilterBrowser user interface construction tool �Ege et al��
�
	��� The references �Borning et al�� �

�� Sannella� �

�� Fron� �

�� contain additional
pointers to constraintbased user interfaces�

��	 Programming�by�Example and Beauti�cation

An increasing number of interfacedesign systems mostly based on a graphical editor have
been developed during the last few years to make the interface design and constraint speci�ca
tion process more e�cient and comfortable than with conventional techniques� Especially� vi
sual programming and graphical editing tasks have been addressed by constraintbyexample
techniques to enhance the interactive speci�cation and editing of graphical presentations�
Some systems eliminate any need for the user to specify constraints explicitly� The

user sketches the graphical elements and layout and the system infers the corresponding
constraints to be applied and maintained� Here� constraints provide a means of stating
layout requirements� e�g�� the Peridot system deduces constraints automatically as the user
demonstrates the desired behaviour� The Chimera editor designed by Kurlander and Feiner
supports two functionalities by the help of constraints� ��� It is able to infer constraints from
multiple snapshots �Kurlander and Feiner� �

�� and ��� allows interactive graphical search

��



and replace operations �Kurlander and Feiner� �

���
The Metamouse system �Maulsby et al�� �
		� is a demonstrational interface for graphical

editing tasks within a drawing program� The user can specify a procedure by performing an
example execution trace� manipulating objects directly on the screen and creating graphical
tools� The spreadsheetbased system NoPumpG �Lewis� �

�� allows for an easy creation of
�animated� graphics without any need for programming�
Another important research topic deals with drawing and beauti�cation of graphs� Early

work includes an automatic beauti�er for line drawings and illustrations that makes use
of automatic constraint generation as part of the �D graphics editor PED is described in
�Pavlidis and Wyk� �
	��� In this approach� vertices are redrawn precisely following certain
constraints� such as nearly adjacent or coincident lines� that are inferred from an initial sketch
which are imposed on the beauti�ed version� But most of the drawing programs are limited
to syntactical constraints� An extensive overview about algorithms for drawing graphs�
some of them are constraintbased�provides the annotated bibliography by Di Battista and
colleagues �Di Battista et al�� �

���

��
 Constraint�Based Animation and Visual Programming

Some systems incorporate the notion of time by allowing the representation and�or process
ing of temporal constraints� The animation system Animus �see also �Borning and Duisberg�
�
	��� is one of the �rst systems that allows for easy construction of an animation with
minimal concern for lowerlevel graphics programming� Here temporal constraints are used
to describe the appearance and structure of a picture� as well as how those pictures evolve
in time� TBAG� that is also based on SkyBlue� is a toolkit for the creation of interactive�
dynamic �D graphics� The graphical toolkit Bramble supports user interaction through the
technique of di�erential manipulation and represents also lights and cameras as constrainable
objects� In an application of the Kaleidoscope language temporal constraints are used to
update the display of graphical objects which are manipulated by mouse actions interactively
and maintain their consistency requirements�
Other research in the area of constraintbased layout in dynamic and animated settings

is concerned with topics like program visualization and visual programming �see �Glinert�
�

�a� Glinert� �

�b� for an overview�� Examples of program visualization systems are
the visual programming environment Fabrik �Ingalls et al�� �
		� and the systems Gelo
�Duby et al�� �
	
� and its �D extension PLUM �Reiss� �

��� which provide generalpurpose
packages to visualize information about programs� Here� the layout of linked hierarchical
objects is described via constraints� Gelo includes prede�ned data views and allows the
graphical speci�cation of topological constraints by the user� �Cruz� �

�� presents the U
term language� a declarative language with a visual syntax for specifying the display of
database objects that is compatible with an objectoriented framework� The environment
Escalante �McWhirter and Nutt� �

�� supports the rapid prototyping as well as automated
generation of complex visual language applications� LayLab has also been extended to
achieve topologically consistent layouts in visual program design �Graf and Neurohr� �

���
By far the largest e�ort on algorithm animation exhibits the system BALSA �Brown�

�
		� that creates animated courseware for an electronic classroom and provides an exten
sive library of animated presentations� Further algorithm animation system are TANGO
�Stasko� �

��� Zeus �Brown� �

��� and a gestural interface by �Duisberg� �

�� for visual
programming of program visualizations� The generation and animation of virtual worlds is

��



treated in �Thalmann and Thalmann� �

���

� Geometric Layout as a CSP

As with many other interesting arti�cial intelligence design problems� geometric layout as
a highlycomplex con�guration task can be formalized as a CSP� In addition to research
on constraintbased inference systems �described previously�� much work was done on the
modelling of combinatorial geometric problems in a �nite discrete search space and on the
development of constraint satisfaction techniques for solving them e�ciently �Van Henten
ryck� �
	
� Henz et al�� �

��� Here the main problem consists of �nding any solution that
satis�es all topological and geometrical restrictions with regard to certain optimization cri
teria� So the design of an optimal geometric layout can be treated as a combination of a
general search problem and an optimization problem� In contrast to other con�guration or
scheduling problems� an optimal geometric layout frequently has to satisfy certain additional
aesthetic criteria� Generally� the problem with most of the constraintbased approaches to
space planning problems is that they are ��� only adapted rudimentarily to real applications�
��� are very speci�c to a particular problem or application domain� ��� or their runtime e�
ciency is inadequate� Therefore� many previous constraint techniques could only be applied
to a narrow set of problems�
Since e�cient constraint satisfaction is crucial when using constraints for graphical tasks�

general constraint �logic� programming languages currently available seem to be inconvenient
for handling realworld placement problems in realistic domains because of their increased
runtime and the required memory capacity� especially when they are restricted to the use
of constraint techniques only�although they have already proven their adequacy for such
problem classes for academic examples �cf� �M!uller et al�� �

����and thus cannot compete
with specialized layout algorithms� Therefore� the CHIP sytem �Van Hentenryck� �
	
� has
been extended by a new primitive constraint in �nite domains� the socalled cumulative
constraint �Aggoun and Beldiceanu� �

��� that allows an improvement in the e�ciency of
CLP languages for solving hard scheduling and placement problems�
A number of CLP languages have been marketed as commercial systems with a Clike

syntax and are frequently applied to solve combinatorial problems �cf� �Cras� �

�� Fron�
�

�� Ja�ar and Maher� �

���� For example� the language CHARME� that is based on a
procedural framework� arose from CHIP by omitting its logic programming part� Ilog Solver
establishes a library of constraint algorithms� designed to work with C  programs� which
has also been applied to geometric placement problems�
Some further guidelines for solving practical CSPs are given in �Van Hentenryck� �
	
��

Here it has been shown by the example of the cuttingstock problem that complex geomet
ric placement problems require a combination of an algorithmic and a constraintoriented
treatment� The algorithmic approach is used to generate con�gurations that can easily be
used by the constraint solver to satisfy and optimize the constraints� In a similar way� in the
commercial application YPPS of the LayLab layout tool �cf� �Graf� �

�a��� its �nite domain
solver FIDOS is enriched by a special constraint abstraction that represents the heuristic
placement of display advertisements �similar to the cumulative constraint� in order to allow
for an automated logical pagination of yellowpages telephone directories�
The following research has also addressed the problem of solving geometric layout as a

CSP� �Tokuyama et al�� �

��� �Charman and Trousse� �

��� and �Aggoun and Beldiceanu�

��



�

�� deal with rectangles� �Hower et al�� �

���
 employs a global constraint satisfaction
solver where all the various layout possibilities get generated by a bottomup approach�
without the need of an optimization function� Please consult �Hower� �

��� There� in
order to reformulate a problem to get a discrete search space� the reasoning takes place
along boundaries of value intervals� �See also �Elliman et al�� �

�� where interval domains
represent ranges of values�� A di�erent approach �to obey the non�overlapping constraint�
favouring evolutionary computing is demonstrated in �Hower et al�� �

�� where even triangles
can be handled��� �LozanoP�erez� �
	�� treats more general polygons� �du Verdier� �

�� just
copes with binary constraints�

� Special Constraint Solver Features in Graphical En�

vironments

Today�s realworld applications cannot be solved by standard constraint technology� There
fore� sophisticated constraint solvers provide special mechanisms to handle relaxation �cf� the
CP
� workshop on overconstrained systems�� constraint nets containing cycles� incremen
tal compilation� graphical constraint speci�cation� variable indirection� constraint libraries�
e�cient consistency and search algorithms� among others�

	�� Priority Weights

In �Badler et al�� �
	�� and �Ege� �
	
� weights are assigned to the constraints� the latter one
additionally reports on the usefulness of constraint processing in connection with user inter
faces� �FreemanBenson et al�� �

�� also orders the constraints partially according to their
importance to be ful�lled� there� it is a distinction between �required� constraints which
must be satis�ed and �preferred� ones with lowerlevel priorities� It performs local propa
gation� however� no soft relaxation is possible�the constraints will get deleted completely�
please consult �Maloney� �

��� �Sannella et al�� �

��� and �Sannella� �

�� w�r�t� further de
velopments� �Darses� �

�� already mentions �there on p� ���� that �an increasing number of
CAD systems have been developed from the constraint satisfaction paradigm�� it proposes a
leastcommitment strategy along with an ordering of the constraints according to a priority
hierarchy� �Emmerik� �

�� recommends to assign priorities to the constraints to allow some
guidance inside the procedure during the detection of an inconsistency� additionally� it refers
to the usage of a constraintbased speci�cation not only for geometric modelling �where con
straints contain the DOFs� but also for the design of user interfaces� �Faltings et al�� �

��

deals with constraint variables with value intervals employing a justi�cationbased reason
maintenance system integrated into an intelligent CAD system� It orders the constraints
according to some priority and distinguishes between irrevocable constraints and those ones
which may be subject to further modi�cation� It distinguishes constraints into two categories�
�preference constraints� and ��xed constraints�� �Preference constraints� belong to various
levels in a hierarchy where the higher levels deal with the more global layout and the lower
ones know the details� In case of inconsistency the informed constraints belonging to the
lower levels of the abstraction hierarchy are tried to get ful�lled whereas the more abstract

�
section � of �Berling et al�� 	

�� �pp� ����� presents a more detailed german description
��Thanks to Anna Thornton for her encouragement during lively discussions after the CoPiCAD�
� work�

shop ��Hower et al�� 	

�a� to try such an approach�

��



constraints have to be adjusted� �Fixed constraints� however must be obeyed �rst on the
higher levels according to the global layout restrictions� in case of inconsistency lowlevel con
straints must be withdrawn in order to try to achieve just small changes� �FreemanBenson�
�

�� describes a hierarchy of constraint priorities and states that constraint systems are
often in use for graphical layout and interaction� It mentions that a parallelization would
be desirable� and furthermore� it realizes an integration of imperative as well as declarative
features� see also �Lopez et al�� �

���

	�� Object�Orientation

The paper �Borning and Duisberg� �
	�� promotes the objectoriented view�also due to its
modularity�which should be a good basis in changing situations to know what happens�
and it illustrates how helpful the constraint processing paradigm is w�r�t� the construction of
user interfaces� �Sunde� �
		� models the geometric relations via objectoriented constraints
denoting relations among objects� changing the constraint speci�cation causes the system
to compute the e�ects� �El Dahshan and Barthes� �
	
� favours an object orientation and
proposes to introduce priorities to order the constraints� �Fertey et al�� �

�� uses an object
oriented representation in a �D environment� �Arbab and Wang� �

�� performs geometric
reasoning to catch the domain knowledge in a better way� It also prefers the objectoriented
paradigm and proposes to manage on local changes within an incremental technique when
constraints are added which is important in interactive CAD�instead of algebraic meth
ods� Furthermore� it allows to deal with some kind of qualitative constraints� �Hill� �

��

tries to avoid unnecessary recomputations� �Rankin� �

�� reports on good experience with
the combination of constraint processing and objectoriented programming� furthermore� it
states that the algorithm used is suitable for a parallel architecture� �Du� �

�� maintains in
variant relationships in geometrical modelling via CADoriented constraint processing in an
objectoriented system� �Paltrinieri� �

�� features objectoriented abstraction to visualize
the constraint network�

	�� CSP Modi�cation and Inconsistency Handling

The work �Br!uderlin� �
	�� deals with � and �dimensional objects� in case of an incon
sistency of the underlying CSP the user has to replace a constraint or even to delete one�
�Serrano and Gossard� �
	�� mentions the constraintoriented philosophy of design and also
allows constraints to get modi�ed� �Vander Zanden� �
		� reports on the need to have an
update mechanism which allows to propagate the modi�cations just along those constraints
which are directly in�uenced by minimal change� it proposes an incremental approach in
order to keep the alterations as local as possible ��principle of least astonishment�� in case
of constraint modi�cations��� Furthermore� it provides a comfortable overview regarding
user interface management systems and compiles literature w�r�t� constraintbased graphic
systems until �
		� �Keirouz et al�� �

�� recalls the fact that during the design phase one
would like to be able to change the constraints� �Yamaguchi and Kimura� �

�� proposes just
to perform the necessary changes when inconsistency occurs which would require a kind of

���Newbery Paulisch� 	

�� also intends to yield just small e�ects on the �recomputation due to small
changes in the layout� in the case of an inconsistency� however� constraints get completely deactivated�
Additionally� it mentions the feature of adaptability when using an object�oriented design� �Szwillus� 	

��

pursues the �least astonishment� principle� too�

��



metalevel control� furthermore� it illustrates geometric reasoning based on geometric con
straints for variational geometry� �Murtagh and Shimura� �

�� reports on a redesign just by
the adjustment of only a few parameters� �Helm et al�� �

�� incrementally adds and deletes
constraints in an objectoriented architecture to perform �re� and �undo� operations in a
constraintbased graphical editing system��� ��Rosendahl� �

�� points to �undo� operations
in CAD�� �Baykan and Fox� �

�� commends the constraintdirected search as a principal
problem solving mechanism for intelligent CAD and proposes some abstraction to reduce
the complexity� when inconsistency occurs the user shall relax the constraints�you may
consult �Flemming et al�� �

�� �discussing local �path� consistency�coping with at most �
variables at once�� too� �"Zalik et al�� �

�� performs local propagation during its incremental
design and wishes an immediate visualization of the e�ects� the changes should be performed
just where necessary and a parallel computation would be recommendable� �Pineda� �

��

reasons symbolically when changes are needed� �Matou"sek� �

�� discards some constraints�
�Bahler et al�� �

�� handles negotiated con�ict resolution in design�

� Diverse Techniques

The article �Cournarie and BeaudouinLafon� �

�� reports on local constraint propagation
in graphical user interfaces� It identi�es problems with an objectoriented implementation
and introduces a �prototype�based model� it also proposes to employ �several� special pur
pose constraint solvers in a modular way� �FreemanBenson and Borning� �

�� requires
one corresponding constraint solver for each special domain to foster the integration of ob
jects and constraints� �Nelson� �
	�� translates geometric constraints into numerical ones
to solve them numerically� please further consult also �Heydon and Nelson� �

��� �Sriram
and Maher� �
	�� represents the constraints as objects or as production rules� �Duisberg�
�
	�� refers to the time aspect of the computation� it mentions the fundamental hardness
of the CSP as well as the fortunate fact that in some speci�c applications it turns out
that it is still feasible� �Witkin et al�� �
	�� expresses constraints as �energy� functions� in
the case of a local �not global� minimum user interaction is required� ��Steinberg� �
	��

also prefers control by the user�� �Iba and Inoue� �

�� and �Owen� �

�� use an algebraic
method� ��Kondo� �

�� employs algebraic methods with potentially high complexity����
�Agrawal et al�� �

�� employs an equation system� �Buchanan and de Pennington� �

��

illustrates the use of computer algebra� �Isaacs and Cohen� �
	�� already propagates along
DOFs� �Kramer� �

�� �reviewed also in �Bouzy� �

�� and �Sacks� �

��� allows to refor
mulate the problem so that the search space is discrete� and it declines to prefer iterative
methods because these ones cannot exploit intelligently the case when just a small change
in the problem speci�cation has to be considered� it therefore prefers the �DOF analysis�
incorporating a constraintbased geometric reasoning� It incrementally reduces the DOFs
and proposes symbolic reasoning taking into consideration geometric knowledge instead of
blind manipulation of algebraic equations� Domainspeci�c strategies are employed� and it
is stated that the complexity of their method is polynomial in the number of constraints�
�In general there are three translational DOFs� three rotational ones and sometimes also di

���Ruttkay� 	

�� presents an editor based on constraint processing� too�
���The analysis of the complexity of this method is left for future work�� ��Kondo� 	

��� p� 	��

��



mensional DOFs���� You may further consult �Kramer� �

����� �Bouma et al�� �

�� reports
on geometrical constraint solving� too� �Solano and Brunet� �

�� comments on parametric
design� �Chung� �

�� promotes constraintbased variational design� �Pabon et al�� �

��

integrates parametric geometry and variational modelling� �Karsenty et al�� �

�� tries to
identify�infer the constraints� �Kass� �

�� uses interval arithmetic�see also �Navinchan
dra and Rinderle� �
	
�� �Guan and Friedrich� �

�� proposes a reasonable inconsistency
handling in its objectoriented design and di�erentiates between prede�ned parameters and
changeable ones� its main contribution is the initiation of �fuzzy constraint satisfaction��
�Towhidnejad et al�� �

�� uses constraint processing techniques in the area of automatic
knowledge acquisition of CAD data� �Guesgen and Hertzberg� �

�� points to the interesting
relationship of spatial and temporal constraintbased reasoning� �Thornton� �

�� discusses
genetic algorithms and simulated annealing approaches� �Tsuchida� �

�� deals with tree
like diagrams where the nodes are rectangles� �Tamassia� �

�� illustrated the need of the
management of constraints in graph drawing�

	 Final Remarks

The intent of the present paper is to provide an extensive collection of connected work
�hopefully including also the most recent material� for the �rst time�which up to now is not
yet available otherwise to such an extent� A thorough elaboration of the constraintoriented
view enables the designer and the user of a system to naturally express the meaning of the
intended message in mind such that the computer may support the human in maintaining
even the semantics of the implementation�a welcome feature of sensible CAD�
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Programming Systems� Languages� and Applications�� pages �����	�� �	���

�Isaacs and Cohen� �	��� Paul M� Isaacs and Michael F� Cohen� Controlling dynamic simula�
tion with kinematic constraints� behavior functions and inverse dynamics� Computer Graph�
ics� ������������� �	��� SIGGRAPH ���� Anaheim� California� July ���
�� Proceedings� A
publication of ACM SIGGRAPH� acm press� New York� NY� U�S�A�

�Ja�ar and Maher� �		�� Joxan Ja�ar and Michael J� Maher� Constraint logic programming� a
survey� The Journal of Logic Programming� �	������
����� May�July �		�� Special Issue� Ten
Years of Logic Programming� North�Holland� Elsevier Science Publishing Co�� Inc�� New York�
NY� U�S�A�

�Johnson� �	�
� Timothy E� Johnson� Sketchpad III� a computer program for drawing in three
dimensions� In Spring Joint Computer Conference� page 
�� ��� Detroit� Michigan� U�S�A�� May
����
� �	�
� Proceedings�

�Kalra and Barr� �		�� Devendra Kalra and Alan H� Barr� A Constraint�Based Figure�Maker� In
C�E� Vandoni and D�A� Duce� editors� Eurographics 
��� Proceedings of the European Computer
Graphics Conference and Exhibition� pages ��
����� Montreux� Switzerland� ��� Septemver
�		�� Elsevier Science Publishers B�V� North�Holland�� Amsterdam� The Netherlands�

�Kamada and Kawai� �		�� T� Kamada and S� Kawai� A general framework for visualizing abstract
objects and relations� ACM Transactions on Graphics� �������
	� January �		��

�Kamada� �	�	� Tomihisa Kamada� Visualizing Abstract Objects and Relations � A Constraint�
Based Approach� volume � of Series in Computer Science� World Scienti�c Publishing Co Pte
Ltd�� Singapore� �	�	�

�Karsenty et al�� �		�� Solange Karsenty� James A� Landay� and Chris Weikart� Inferring Graphical
Constraints with Rockit� Technical Report ��� DEC� Paris Research Laboratory� France� March
�		�� HCI�	�� University of York� U�K�� ����� September�

�Kass� �		�� Michael Kass� CONDOR� Constraint�Based Data�ow� Computer Graphics� �����
���


�� July �		�� SIGGRAPH �	�� �	th annual ACM Conference on Computer Graphics and In�
teractive Techniques� Chicago� Illinois� July ���
�� �		�� Conference Proceedings� A publication
of ACM SIGGRAPH� acm press� New York� NY� U�S�A�

�Keirouz et al�� �		�� Walid Keirouz� Jahir Pabon� and Robert Young� Integrating parametric
geometry� features� and variational modeling for conceptual design� In J� R� Rinderle� editor�
International Conference on Design Theory and Methodology� pages ��	� American Society of
Mechanical Engineers ASME�� �		�� Proceedings�

��



�Klein� �		�� R�udiger Klein� How to Use Constraints � Exempli�ed in Con�guration Problem
Solving� In �Hower et al�� �		�a�� pages ����	� �		��

�Knuth� �	��� D� E� Knuth� The METAFONT book� Computer and Typesetting Series� Reading�
MA� Reading� MA� �	���

�Kondo� �		�� Koichi Kondo� Algebraic method for manipulation of dimensional relationships
in geometric models� CAD� computer�aided design� ��
���������� march �		�� Butterworth�
Heinemann Ltd�

�Kramer� �		�� Glenn A� Kramer� Solving Geometric Constraint Systems� A Case Study in Kine�
matics� Arti�cial Intelligence series� The MIT Press� Cambridge� Massachusetts� USA � London�
England� UK� �		�� Reviewed in �Berling and Hower� �		
��

�Kramer� �		�� Glenn A� Kramer� A geometric constraint engine� In Eugene C� Freuder and Alan
K� Mackworth� editors� Constraint�Based Reasoning� pages 
���
��� Special Issues of Arti�cial
Intelligence� A Bradford Book� The MIT Press� Cambridge� Massachusetts� USA � London�
England� UK� �		��

�Kumar� �		�� V� Kumar� Algorithms for constraint�satisfaction problems� A survey� AI Magazine�
�
���
����� �		��

�Kurlander and Feiner� �		�� D� Kurlander and S� Feiner� Interactive constraint�based search and
replace� In Proceedings of the CHI
�� �Human Factors in Computing Systems�� pages ��	�����
Monterey� CA� May �		��

�Kurlander and Feiner� �		
� D� Kurlander and S� Feiner� Inferring constraints frommultiple snap�
shots� ACM Transactions on Graphics� ���������
��� October �		
�

�Kurlander et al�� �		�� David Kurlander� Jean�Fran!cois Puget� and Je� Heisserman� Panel Ses�
sion� Commercial Applications of Constraint Programming� In �Borning� �		��� pages 
���
���
�		�� Panel organizer� Alan Borning�

�La�ra et al�� �		�� Chris La�ra� Edwin H� Blake� Vicki de Mey� and Xavier Pintado� editors�
Object�Oriented Programming for Graphics� Focus on Computer Graphics� Tutorials and Per�
spectives in Computer Graphics� Springer�Verlag� �		�� Revised versions of papers presented at
the second and third EUROGRAPHICS workshop on Object�Oriented Graphics�

�Leler� �	��� W� Leler� Constraint Programming Languages� Their Speci�cation and Generation�
Addison�Wesley� Reading� MA� �	���

�Lewis� �		�� C� Lewis� NOpumpG� Creating interactive graphics with spreadsheet machinery� In
Glinert ��		�b�� pages ��������

�Liu and Popplestone� �		�� Yanxi Liu and Robin J� Popplestone� Symmetry Constraint Inference
in Assembly Planning " Automatic Assembly Con�guration Speci�cation� In AAAI���� Eighth
National Conference on Arti�cial Intelligence� volume Two� pages ��
������� Boston� MA� July
�	 � August 
� �		�� American Association for Arti�cial Intelligence� Proceedings� AAAI Press�
Menlo Park� CA� U�S�A�

�Lopez et al�� �		�� Gus Lopez� Bjorn Freeman�Benson� and Alan Borning� Kaleidoscope� A Con�
straint Imperative Programming Language� In Brian Mayoh� Enn Tyugu� and Jaan Penjam�
editors� Constraint Programming� volume �
�� Series F� Computer and Systems Sciences of
NATO ASI Series� pages 
�
�
�	� Springer�Verlag� Berlin�Heidelberg� �		�� Proceedings of the
NATO Advanced Study Institute on Constraint Programming� held in P�arnu� Estonia� August
�
���� �		
�

��



�Lozano�P�erez� �	�
� Tom�as Lozano�P�erez� Spatial Planning� A Con�guration Space Approach�
IEEE Transactions on Computers� C�
������������ February �	�
�

�Mackworth� �		�� Alan K� Mackworth� Constraint Satisfaction� In Stuart C� Shapiro� editor�
Encyclopedia of Arti�cial Intelligence� volume �� pages �����	
� John Wiley % Sons� �		�� Second
edition�

�Maleki� �	��� Jalal Maleki� VIVID� The Kernel of a Knowledge Representation Environment
Based on the Constraints Paradigm of Computation� In Proceedings of the Twentieth Annual
Hawaii International Conference on System Sciences� pages �	������ North�Holland� January
�	���

�Maloney et al�� �	�	� John H� Maloney� Alan Borning� and Bjorn N� Freeman�Benson� Constraint
Technology for User�Interface Construction in ThingLab II� In Conference on Object�Oriented
Programming Systems� Languages� and Applications� pages 
���
��� New Orleans� October ��
�� �	�	� Proceedings� ACM� Technical Report �	������� Department of Computer Science and
Engineering� University of Washington� Seattle� WA� U�S�A�

�Maloney� �		�� John Harold Maloney� Using Constraints for User Interface Construction� Tech�
nical Report 	�������� Department of Computer Science and Engineering� University of Wash�
ington� Seattle� WA� U�S�A�� �		�� PhD thesis�

�Matou#sek� �		�� Ji#r�& Matou#sek� On geometric optimization with few violated constraints� In 	�th
Annual Symposium on Computational Geometry� Stony Brook� New York� NY� U�S�A�� June
���� �		��

�Maulsby et al�� �	��� D�L� Maulsby� K�A� Kittlitz� and I�H� Witten� Constraint�Solving in In�
teractive Graphics� A User�Friendly Approach� In N� Magnenat�Thalmann and D� Thalmann�
editors� New Trends in Computer Graphics� pages 
���
��� Proceedings of CG International ����
Springer�Verlag� �	���

�Maybury� �		
� M� Maybury� editor� Intelligent Multimedia Interfaces� AAAI Press� Menlo Park�
CA� �		
�

�McWhirter and Nutt� �		�� J� D� McWhirter and G� J� Nutt� Escalante� An environment for the
rapid construction of visual language applications� In Proceedings of the 	��� IEEE Symposium
on Visual Languages� St� Louis� MO� �		��

�Miyashita et al�� �		�� K� Miyashita� S� Matsuoka� S� Takahashi� A� Yonezawa� and T� Kamada�
Declarative programming of graphical interfaces by visual examples� In Proceedings of the
UIST
�� �ACM SIGGRAPH Symp� on User Interface Software and Technology�� pages ����
���� Monterey� CA� �		��

�Montanari and Rossi� �		�� Ugo Montanari and Francesca Rossi� editors� Principles and Prac�
tice of Constraint Programming � CP 
��� volume 	�� of Lecture Notes in Computer Science�
Proceedings� Springer�Verlag� Berlin�Heidelberg� September �	���� �		�� First International
Conference� Cassis� France�

�M�uller et al�� �		�� Tobias M�uller� Konstantin Popov� Christian Schulte� and J�org W�urtz� Con�
straint Programming in Oz� DFKI Oz Documentation Series� Programming Systems Lab�
German Research Center for Arti�cial Intelligence� Saarbr�ucken� June ��� �		�� http���ps�
www�dfki�uni�sb�de�oz�documentation�'constraints�

�Murtagh and Shimura� �		�� Niall Murtagh and Masamichi Shimura� Parametric Engineering
Design Using Constraint�Based Reasoning� In AAAI���� Eighth National Conference on Arti�cial

��



Intelligence� volume One� pages �������� Boston� MA� July �	 � August 
� �		�� American
Association for Arti�cial Intelligence� Proceedings� AAAI Press� Menlo Park� CA� U�S�A�

�Myers et al�� �	�	� B� A� Myers� B� T� Vander Zanden� and R� B� Dannenberg� Creating graphical
interactive application objects by demonstration� In Proceedings of the UIST
�� �ACM SIG�
GRAPH Symp� on User Interface Software and Technology�� pages 	������ Williamsburg� VA�
November �	�	�

�Myers et al�� �		�� B� A� Myers� D� A� Guise� R� B� Dannenberg� B� T� Vander Zanden� D� S�
Kosbie� E� Pervin� A� Mickish� and P� Marchal� Comprehensive support for graphical� highly�
interactive user interface� The Garnet user interface development environment� IEEE Computer�
�
���������� November �		��

�Myers� �	��� B� A� Myers� Creating User Interfaces by Demonstration� Academic Press� New
York� NY� �	���

�Mylopoulos and Reiter� �		�� John Mylopoulos and Ray Reiter� editors� 	�th International Joint
Conference on Arti�cial Intelligence� Darling Harbour� Sydney� Australia� �� � 
� August �		��
IJCAII� Proceedings� Volume �� distributed by Morgan Kaufmann Publishers� San Mateo� Cali�
fornia� USA�

�Nagai and Terasaki� �		
� Yasuo Nagai and Satoshi Terasaki� A Constraint�Based Knowledge
Compiler for Parametric Design Problem in Mechanical Engineering� ICOT Technical Memo�
randum TM������ Institute for New Generation Computer Technology� Tokyo� Japan� �		
�

�Navinchandra and Rinderle� �	�	� D� Navinchandra and J� R� Rinderle� Interval approaches for
concurrent evaluation of design constraints� In Symposium on Concurrent Product and Process
Design� pages �������� San Francisco� CA� U�S�A�� �	�	� Proceedings�

�Nelson� �	��� Greg Nelson� Juno� a constraint�based graphics system� Computer Graphics�
�	
���
����
� July �	��� SIGGRAPH���� San Francisco� CA� July ������ Proceedings� acm
press� New York� NY� U�S�A�

�Newbery Paulisch� �		
� Frances Newbery Paulisch� The Design of an Extendible Graph Editor�
volume ��� of Lecture Notes in Computer Science� Springer�Verlag� Berlin�Heidelberg� �		
�

�Nourani and Magalh(aes� �		
� Farid Nourani and L�eo Pini Magalh(aes� Management of consis�
tency constraints in a CAD database system� In Zesheng Tang� editor� New Advances in Com�
puter Aided Design � Computer Graphics� volume �� pages �������� Beijing� China� August
�
���� �		
� Proceedings of the Third International Conference on CAD and Computer Graph�
ics CAD�Graphics�	
�� International Academic Publishers�

�Olsen Jr� and Allan� �		�� Dan R� Olsen Jr� and Kirk Allan� Creating Interactive Techniques
by Symbolically Solving Geometric Constraints� In UIST ��� �rd Annual Symposium on User
Interface Software and Technology� pages �������� Snowbird� Utah� USA� October �		�� ACM
SIGGRAPH�SIGCHI�

�Owen� �		�� J�C� Owen� Algebraic Solution for Geometry from Dimensional Constraints� In
Symposium on Solid Modeling Foundations and CAD�CAM Applications� pages 
	������ Austin�
Texas� USA� �		�� ACM� Proceedings�

�Pabon et al�� �		�� Jahir Pabon� Robert Young� and Walid Keirouz� Integrating Parametric Ge�
ometry� Features� and Variational Modeling for Conceptual Design� International Journal of
Systems Automation� Research and Applications �SARA�� �����
�� �		��

�	



�Paltrinieri� �		�� Massimo Paltrinieri� A Visual Environment for Constraint Programming� In 		th
International IEEE Symposium on Visual Languages� pages ������	� IEEE Computer Society
Press� �		�� Poster Session�

�Pavlidis and Wyk� �	��� T� Pavlidis and C� Van Wyk� An automatic beauti�er for drawings and
illustrations� Computer Graphics� �	
�������
�� �	���

�Pfe�erkorn� �	��� Charles E� Pfe�erkorn� A Heuristic Problem Solving Design System for Equip�
ment or Furniture Layouts� Communications of the ACM� ����������	�� May �	���

�Phillips et al�� �		�� Cary B� Phillips� Jianmin Zhao� and Norman I� Badler� Interactive Real�time
Articulated Figure Manipulation Using Multiple Kinematic Constraints� Computer Graphics�
������������� March �		�� Special issue on �		� Symposium on Interactive 
D Graphics�
Snowbird� Utah� ��th � ��th March� Proceedings� A publication of ACM SIGGRAPH� acm
press� New York� NY� U�S�A�

�Pineda� �		�� Luis A� Pineda� Reference� Synthesis and Constraint Satisfaction� In A� Kilgour and
L� Kjelldahl� editors� Eurographics 
��� volume ��� number 
� pages C�


 � C�
��� Eurographics
Association� Blackwell Publishers� �		��

�Press et al�� �		�� W� H� Press� S� A� Teukolsky� W� T� Vetterling� and B� P� Flannery� Numerical
Recipes in C� Cambridge University Press� Cambridge� England� �nd edition� �		��

�Rankin� �		�� John R� Rankin� A Graphics Object�Oriented Constraint Solver� In �La�ra et al��
�		��� pages ���	�� �		�� Revised version of a paper presented at the second EUROGRAPHICS
workshop on Object�Oriented Graphics� Texel� The Netherlands� June ���� �		��

�Rappoport� �		
� Ari Rappoport� Direct Manipulation Devices for the Design of Geometric Con�
straint Networks� In N� Magnenat�Thalmann and D� Thalmann� editors� Computer Graphics
International 
�� � Communicating with virtual worlds� pages �	��
��� Swiss Federal Institute
of Technology� Lausanne� Switzerland� June ������ �		
� Springer�

�Reiss� �		
� S� P� Reiss� A framework for abstract 
d visualization� In Proceedings of the 	���
IEEE Symposium on Visual Languages� pages �������� Bergen� Norway� �		
�

�Rosendahl� �		
� Manfred Rosendahl� UNDO in CAD Systems� In W� Cellary� K� Vidyasankar�
and G� Vossen� editors� Versioning in Database Management Systems� page ��� Dagstuhl�
Seminar�Report ��� IBFI GmbH� Internationales Begegnungs� und Forschungszentrum f�ur In�
formatik� Schlo� Dagstuhl� Wadern� February ���� �		
�

�Rowe et al�� �		�� L� A� Rowe� J� A� Konstan� B� C� Smith� S� Seitz� and C� Liu� The PICASSO ap�
plication framework� In Proceedings of the UIST
�	 �ACM SIGGRAPH Symp� on User Interface
Software and Technology�� pages 	������ Hilton Head� SC� �		��

�Ruttkay� �		�� Zs�o�a Ruttkay� A Co�operative Graphical Editor Based on Dynamically Con�
strained Objects� In �La�ra et al�� �		��� pages 

��
� �		�� Revised version of a paper pre�
sented at the second EUROGRAPHICS workshop on Object�Oriented Graphics� Texel� The
Netherlands� June ���� �		��

�Sacks� �		
� Elisha P� Sacks� What�s in a linkage� Arti�cial Intelligence� �����
�
�
�	� June
�		
� Elsevier Science Publishers B�V�� Amsterdam� The Netherlands� Book Review of� Glenn
Kramer� Solving Geometric Constraint Systems�

�Sannella et al�� �		
� Michael Sannella� John Maloney� Bjorn Freeman�Benson� and Alan Born�
ing� Multi�way versus One�way Constraints in User Interfaces� Experience with the DeltaBlue
Algorithm� Software�Practice and Experience� �
�����	����� May �		
� A Wiley�Interscience
Publication�

�




�Sannella� �		�� M� Sannella� Constraint Satisfaction and Debugging for Interactive User Inter�
faces� PhD thesis� Department of Computer Science and Engineering� University of Washington�
Seattle� WA� �		��

�Sannella� �		�� Michael Sannella� The SkyBlue Constraint Solver and Its Applications� In
�Saraswat and Van Hentenryck� �		��� pages 
������� �		��

�Saraswat and Van Hentenryck� �		�� Vijay Saraswat and Pascal Van Hentenryck� editors� Princi�
ples and practice of constraint programming� the Newport papers� The MIT Press� Massachusetts
Institute of Technology� Cambridge� MA� U�S�A�� �		��

�Serrano and Gossard� �	��� D� Serrano and D� Gossard� Constraint Management in Conceptual
Design� In D� Sriram and R� A� Adey� editors� Knowledge Based Expert Systems in Engineering�
Planning and Design� pages �������� Computational Mechanics Publications� �	���

�Shimada et al�� �	�	� Kenji Shimada� Masayuki Numao� Hiroshi Masuda� and Shinji Kawabe�
Constraint�based object description for product modeling� In F� Kimura and A� Rolst)adas�
editors� Computer Applications in Production and Engineering� pages 	������ Elsevier Science
Publishers B�V� North�Holland�� �	�	� Proceedings of the Third International IFIP Conference
on Computer Applications in Production and Engineering� CAPE ��	� Tokyo� Japan� ��� October
�	�	�

�Singh and Green� �	�	� G� Singh and M� Green� Chisel� A system for creating highly interactive
screen layouts� In Proceedings of the UIST
�� �ACM SIGGRAPH Symp� on User Interface
Software and Technology�� pages ���	�� Williamsburg� VA� �	�	�

�Sistare� �		�� Steve Sistare� Graphical Interaction Techniques in Constraint�Based Geometric
Modeling� In Graphics Interface 
�	� pages ���	�� Toronto� Canada� June �		�� Proceedings�

�Smithers� �	�	� T Smithers� AI�based design versus geometry�based design or Why design can�
not be supported by geometry alone� CAD� computer�aided design� ��
���������� april �	�	�
Butterworth % Co Publishers� Ltd�

�Solano and Brunet� �		�� Lluis Solano and Pere Brunet� Constructive constraint�based model for
parametric CAD systems� Computer�Aided Design� ������������� August �		�� Butterworth�
Heinemann Ltd�

�Sriram and Maher� �	��� D� Sriram and M�L� Maher� The Representation and Use of Constraints
in Structural Design� In Applications of Arti�cial Intelligence in Engineering� 	st International
Conference� pages 
���
��� Southampton� U�K�� April �	��� Proceedings� Springer�Verlag�

�Stasko� �		�� J� T� Stasko� Tango� A framework and system for algorithm animation� IEEE
Computer� �
	�����
	� September �		��

�Steinberg� �	��� Louis I� Steinberg� Design as Re�nement Plus Constraint Propagation� The
VEXED Experience� In AAAI ��� Sixth National Conference on Arti�cial Intelligence� volume ��
pages �
���
�� Seattle� WA� U�S�A�� July �
���� �	��� Proceedings� American Association for
Arti�cial Intelligence�

�Sunde� �	��� Geir Sunde� Speci�cation of shape by dimensions and other geometric constraints�
In Michael J� Wozny� H� W� McLaughlin� and Jos�e Luis Encarna!c(ao� editors� Geometric Modeling
for CAD Applications� pages �		���
� Elsevier Science Publishers B�V� North�Holland�� Ams�
terdam� The Netherlands� �	��� Selected and expanded papers from the IFIP WG ��� Working
Conference� Rensselaerville� NY� U�S�A�� ����� May �	���

��



�Sutherland� �	�
� Ivan E� Sutherland� Sketchpad� a man�machine graphical communication sys�
tem� In Spring Joint Computer Conference� pages 
�	�
��� Detroit� Michigan� U�S�A�� May
����
� �	�
� Proceedings�

�Szwillus� �		
� Gerd Szwillus� Solving Linear Graphical Constraint Expressions� In Poster Ses�
sions� Abridged Proceedings HCI International 
��� page ���� ���
 August �		
� �th Inter�
national Conference on Human�Computer Interaction jointly with 	th Symposium on Human
Interface Japan�� Hilton at Walt Disney World Village� Orlando� Florida� U�S�A�

�Szwillus� �		�� Gerd Szwillus� Graphical Constraints� CHI�	� Tutorial� Conference on Human
Factors in Computing Systems� April ��� �		�� Boston� MA� U�S�A�

�Takahashi et al�� �		�� S� Takahashi� S� Matsuoka� A� Yonezawa� and T Kamada� A general frame�
work for bi�directional translation between abstract and pictorial data� In Proceedings of the
UIST
�	 �ACM SIGGRAPH Symp� on User Interface Software and Technology�� pages ��������
Hilton Head� SC� �		��

�Takahashi et al�� �		�� Shin Takahashi� Satoshi Matsuoka� Ken Miyashita� Hiroshi Hosobe� Aki�
nori Yonezawa� and Tomihisa Kamada� A Constraint�Based Approach for Visualization and
Animation� In �Cruz et al�� �		�a�� pages ��
����� �		��

�Tamassia� �		�� Roberto Tamassia� Constraints in Graph Drawing� In �Cruz et al�� �		�a�� page ���
�		�� Invited talk�

�Tanimoto� �		
� Toshikazu Tanimoto� A Constraint Decomposition Method for Spatio�Temporal
Con�guration Problems� In Eleventh National Conference on Arti�cial Intelligence� pages ����
���� Washington� D�C�� July ������ �		
� American Association for Arti�cial Intelligence� Pro�
ceedings AAAI�	
� AAAI Press� Menlo Park� CA� U�S�A�

�ten Hagen and Veerkamp� �		�� Paul J�W� ten Hagen and Paul J� Veerkamp� editors� Intelligent
CAD Systems III� Practical Experience and Evaluation� EurographicSeminars� Tutorials and Per�
spectives in Computer Graphics� Springer�Verlag� Berlin�Heidelberg� �		�� Third Eurographics
Workshop on $Intelligent CAD Systems�� Texel� The Netherlands�

�Thalmann and Thalmann� �		�� N� Magnenat Thalmann and D� Thalmann� Creating and Ani�
mating the Virtual World� Computer Animation Series� Springer�Verlag� Berlin� Germany� �		��

�Thennarangam and Singh� �		�� Suresh Thennarangam and Gurminder Singh� Inferring 
�
dimensional constraints with DEVI� In �Borning� �		��� pages ������ �		��

�Thornton� �		�� A� C� Thornton� Genetic algorithms versus simulated annealing� satisfaction
of large sets of algebraic mechanical design constraints� In �Gero and Sudweeks� �		��� pages

���
	�� �		��

�Tokuyama et al�� �		�� Takeshi Tokuyama� Takao Asano� and Shuji Tsukiyama� A Dynamic Algo�
rithm for Placing Rectangles without Overlapping� Journal of Information Processing� �����
��

�� �		��

�Tonouchi et al�� �		�� T� Tonouchi� K� Nakayama� S� Matsuoka� and S� Kawai� Creating visual
objects by direct manipulation� In Proceedings of the 	��� IEEE Workshop on Visual Languages�
pages 	������ Seattle� WA� �		��

�Towhidnejad et al�� �		
� M� Towhidnejad� H� R� Myler� and A� J� Gonzalez� Constraint Mecha�
nisms in Automated Knowledge Generation� Applied Arti�cial Intelligence� ������
��
�� April�
June �		
� Taylor % Francis�

��



�Tsang� �		�� Jean Patrick Tsang� Constraint propagation issues in automated design� In Georg
Gottlob and Wolfgang Nejdl� editors� Expert Systems in Engineering � Principles and Appli�
cations� pages �
������ Vienna� Austria� September ������ �		�� Proceedings� Lecture Notes in
Arti�cial Intelligence� Subseries of Lecture Notes in Computer Science� Volume ���� Springer�
Verlag� Berlin�Heidelberg� International Workshop�

�Tsang� �		
� Edward Tsang� Foundations of Constraint Satisfaction� Computation in Cognitive
Science� Academic Press� Harcourt Brace % Company� Publishers� London� UK� �		
�

�Tsuchida� �		�� Kensei Tsuchida� The Complexity of Drawing Tree�Structured Diagrams� IE�
ICE Transactions on Information and Systems� E���D���	���	��� July �		�� The Institute of
Electronics� Information and Communication Engineers� Tokyo� Japan�

�Van Hentenryck� �	�	� P� Van Hentenryck� Constraint Satisfaction in Logic Programming� MIT
Press� Cambridge� MA� �	�	� Revision of Ph�D� thesis� University of Namur� �	���

�Van Hentenryck� �		�� Pascal Van Hentenryck� Constraint Solving for Combinatorial Search
Problems� A Tutorial� In �Montanari and Rossi� �		��� pages �������� �		��

�van Wyk� �	��� C�J� van Wyk� A high�level language for specifying pictures� ACM Transactions
on Graphics� ������
����� �	���

�Vander Zanden et al�� �		�� B� T� Vander Zanden� B� A� Myers� D� A� Guise� and P� Szekely�
The importance of pointer variables in constraint models� In Proceedings of the UIST
�	 �ACM
SIGGRAPH Symp� on User Interface Software and Technology�� pages �������� Hilton Head�
SC� �		��

�Vander Zanden� �	��� Bradley T� Vander Zanden� Incremental Constraint Satisfaction and its
Application to Graphical Interfaces� Technical Report TR����	��� Department of Computer
Science� Cornell University� Ithaca� New York� USA� October �	���

�Veltkamp and Blake� �		�� Remco C� Veltkamp and Edwin H� Blake� editors� Proceedings of the
�fth Eurographics workshop on Programming Paradigms in Graphics� EUROGRAPHICS 
���
Maastricht� September ��
� �		�� CWI� Amsterdam� The Netherlands�

�Veltkamp� �		�� Remco C� Veltkamp� A Quantum Approach to Geometric Constraint Satisfaction�
In �La�ra et al�� �		��� pages ������ �		�� Revised version of a paper presented at the second
EUROGRAPHICS workshop on Object�Oriented Graphics� Texel� The Netherlands� June ����
�		��

�Welch and Witkin� �		�� W� Welch and A� Witkin� Variational surface modeling� Computer
Graphics� ����� July �		��

�Wilk� �		�� M� R� Wilk� Equate� An object�oriented constraint solver� In A� Paepcke� editor�
Proceedings of OOPSLA 
�	 �ACM Conference on Object�Oriented Programming Systems� Lan�
guages� and Applications�� pages �����	�� ACM Press� New York� NY� October �		��

�Witkin et al�� �	��� Andrew Witkin� Kurt Fleischer� and Alan Barr� Energy Constraints On Pa�
rameterized Models� Computer Graphics� ����������
�� �	��� SIGGRAPH ���� Anaheim� Cali�
fornia� July ���
�� Proceedings� A publication of ACM SIGGRAPH� acm press� New York� NY�
U�S�A�

�Yamaguchi and Kimura� �		�� Yasushi Yamaguchi and Fumihiko Kimura� A constraint modeling
system for variational geometry� In Michael J� Wozny� J� U� Turner� and K� Preiss� editors�
Geometric modeling for product engineering� pages �����

� Elsevier Science Publishers B�V�
North�Holland�� Amsterdam� The Netherlands� �		�� Selected and Expanded Papers from the

��



IFIP WG ��� � NSF Working Conference on Geometric Modeling� Rensselaerville� NY� U�S�A��
����� September �	���

�Young et al�� �		�� R� E� Young� A� Greef� and P� O�Grady� SPARK� an arti�cial intelligence
constraint network system for concurrent engineering� In J�S� Gero� editor� Arti�cial Intelligence
in Design 
�	� pages �	�	�� Butterworth Heinemann� Oxford� UK� �		��

�Zahn and Hower� �		�� Martin Zahn and Walter Hower� Backtracking along with constraint pro�
cessing and their time complexities� Journal of Experimental � Theoretical Arti�cial Intelligence�
���� �		�� Taylor % Francis� London� UK�

�#Zalik et al�� �		�� Borut #Zalik� Nikola Guid� and Aleksander Vesel� Representing Geometric Ob�
jects Using Constraint Description Graphs� In �Belli and Radermacher� �		��� pages ��������
�		��

��


