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Chapter 1

Introduction

Visualization can be de�ned as the mapping of data to a graphical represen-
tation by means of a computer in order to analyze them with the purpose
of a better understanding. We all have seen the pretty pictures or the an-
imations presented daily by the weather forecast team on TV. This is the
archetype of a visualization process which, in this case, represents meteoro-
logical information with annotated pictograms expressing hours of sunshine,
cloud covering or isobaric contour lines.

Using visualization, it is possible to infer at a glance a relation of cause
and e�ect, for instance of isobaric contour lines and the wind at a given mo-
ment and at a certain place. This technique is powerful and helps researchers
to study physical phenomena, for instance, to understand the e�ects of hu-
man activity on the atmosphere and the seas.

More precisely and formally, the purpose of visualization is to make a
quantitative or qualitative analysis of multivariate data easier by concentrat-
ing a huge volume of information into a condensed visual representation. Vi-
sualization breaks the limits of bidimensional classical tables or graphs and
provides an interactive means of presenting higher dimensional quantities
and �elds within a single view.

Visualization is a generic term used in several disciplines; its meaning can
slightly vary according to its quali�er or the context in which it is used. Let
us give an example: scienti�c visualization is sometimes distinguished
from information visualization in that the latter refers mainly to the
visualization of synthetic information, e.g. statistics, produced by human
activities, whereas the major concern of scienti�c visualization is to repre-
sent data produced by numerical simulations or measures. But, generally
speaking, even if this rough distinction is commonly accepted, it is not so
easy to draw a strict frontier: does, for instance, the visualization of the
solution of partial derivative equations belong to information visualization
or scienti�c visualization?

Scienti�c visualization can be related to computer graphics because

1



2 CHAPTER 1. INTRODUCTION

techniques developed in this area are the foundations of scienti�c visual-
ization. But these two disciplines have quite di�erent goals: whereas com-
puter graphics tries to produce realistic pictures and animations, the goal
of scienti�c visualization is to help users to interpret the data and to draw
conclusions. This makes a fundamental di�erence even if both disciplines
are obviously close.

In this thesis, we will focus on scienti�c visualization and restrict this
notion to the visualization of physical, biological or chemical pro-
cesses, and of problems related to applied sciences and engineering. In these
domains, the analysis of results produced by numerical simulation or of mea-
sured data becomes more and more important. In order to be successful,
this task requires the collaboration between domain specialists and computer
scientists with skills in the �eld of scienti�c visualization. Throughout this
thesis, we will refer to the latter using the term of \visioneer" in order to
distinguish him from other computer specialists, like numerical analysts or
system managers.

1.1 Context

1.1.1 The challenge of a general solution

One of the challenges of scienti�c visualization is to address the numerous
and speci�c needs of users coming from a wide range of research activities.
Researchers as well as practitioners in disciplines ranging from physics to
biology or from earth sciences to archaeology make demands on this pow-
erful technology [9, 72, 122, 121]. Obviously, the needs in all these domains
are extremely varied so that it is not possible to provide a general solution
adapted to all visualization problems. These users have very di�erent back-
grounds and the tools they use are completely di�erent from one activity
to the other. However, it is possible to formulate the most important and
general needs these communities have in common: they need practical tools
to analyze data. In the course of their investigations, users face three typical
situations:

� they guess the kind of e�ects which will happen, but do not know
exactly where or when these e�ects will take place;

� they would like to know which kind of e�ects are happening at a
certain location and at a certain instant;

� they do not know which kind of e�ects they will discover, neither
where and when they will happen: it is the very purpose of the
visualization to reveal it.

These situations impose very di�erent requirements on the visualization en-
vironments. In the �rst case, a software able to provide an adequate, but
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�nite, set of tools required for the investigation can solve the problem. The
detection of the features can be done interactively by a user or automatically
by the software.

On the contrary, the last two situations are more complex, because in
these cases, a �nite set of tools may not be suÆcient to visualize the phe-
nomena. Often, speci�c tools have to be developed to succeed in this task.
This is certainly the major problem of visualization and it is, in our opinion,
an open research problem today.

1.1.2 Genesis of the thesis

At the beginning of this thesis, we initiated a collaboration with two groups
of researchers who can be considered as representative users of our �eld of
interest. It was interesting to note that their major and common require-
ment was expressed by the two sentences: \Could you help us to analyze
the results with visualization? But, please, we do not want to program any-
thing." Obviously they were aware of the diÆculty of the problem and could
not spend too much time on building the tool they needed.

Together with these users, we started to use existing visualization en-
vironments, but, as visioneers, we noticed that users had to be supported
permanently. Indeed, visualization tools were either too complicated for
them to master, or not well-suited for their real work. Thus we quickly con-
sidered that the solution o�ered by the existing systems was not economical,
either for users nor for visioneers. It is the reason why we decided to search
for a better solution.

1.1.3 Application domain

In this thesis, we will address the needs in scienti�c visualization of one,
rather large, class of users. The main characteristics of these users can be
summarized as follows:

� they are interested in physical phenomena related to natural science
problems;

� they analyze three-dimensional, mostly time-dependent, data produced
by numerical simulations or by measures.

As a typical example, we will consider the 
uid dynamics problems that
arise in oceanography or hydrogeology. In this kind of problems, the simula-
tion of the physics produces data that are often large and multivariate, like
vector �elds or even tensor �elds, and usually vary through time. Satisfying
the complex visualization requirements of this category of users constitutes
per se a solution for these cases where, for instance, time-dependency can
be neglected or where data are simple scalar �elds. Thus we shall concen-
trate on the visualization of results of numerical simulations, overlooking
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the visualization of data acquired by measures, because all the interesting
problems arise in the former case.

1.1.4 Technical possibilities

Numerical solvers have for a long time proven to be useful in understanding
or predicting complex physical phenomena like those that play a role in
weather forecasting or more simple problems, like the heating of a piece
of aluminum. Such software passed from academia to industry and made
possible the development and mastery of new technologies and helped to
increase productivity.

At the very beginning, results produced by numerical simulations were
analyzed and compared \by hand", with the help of ad hoc programs for
instance, and the necessity to have more convenient methods to understand
a huge volume of information quickly arose.

The development of peripherals, like monitors and printers, based on
raster images gave the possibility to present more adequately the information
elaborated by a computer. Numerous homemade solutions that tried to
represent data graphically appeared. This technology helped to make the
analysis of numerical simulation results much more e�ective.

Then, the increasing power of microprocessors contributed to simplify
the user interfaces so that anybody can use a computer without being an
expert. Many tasks which were then considered complex by the users could
now be achieved simply and eÆciently by moving a pointer and playing with
icons. It can be claimed that the very takeo� of scienti�c visualization is
due to these improvements: it started in the mid 80's due to an important
development of the graphical workstations.

Today, the price and performance of these computers bring them onto the
desk of many researchers. These researchers are stimulated by the conclu-
sions they can draw thanks to the expressiveness of the generated pictures.
Moreover, multimedia computers o�er even more possibilities for analyzing
the data. Researchers do not limit themselves to classical rendering tech-
niques like pictures or movies, but try, for instance, to relate sound [56, 62]
with data, and to investigate any technique that could be useful. The game
industry boosts the development of devices like graphics or sound cards, and
makes prices decrease. The ever growing power of processors and graphics
cards makes possible an interactive exploration of the data using navigation
tools like virtual cameras. Researchers are developing new hardware { called
virtual reality peripherals { to make the user believe that he is completely
immersed [16, 50] inside the data and can feel virtual objects expressing
them as if they were real. New trends like collaborative and multidisci-
plinary problems require that data have to be exported as virtual objects
and exchanged through the Internet.

All these requirements have a high impact on the way data can be vi-
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sualized. It no longer suÆces to produce static bidimensional cuts through
data: but it must be possible to visualize data with fully interactive tools.

1.2 Goals and non-goals

The development of original visualization techniques is an exciting �eld of
research. Numerous eÆcient techniques, both on the quantitative and qual-
itative plane, still have to be imagined. However, we think that it is also as
important and complicated to search for good ways to bring these techniques
onto the desk of users who are not visioneers through eÆcient visualization
systems. For this particular reason, we will not try to develop any new
or original visualization techniques in this thesis, but rather focus on the
relationship between users of visualization systems and visioneers, who are
responsible for tool development and user support.

As explained previously, the profusion of new hardware and libraries
gives new possibilities to users of scienti�c visualization. The user com-
munity has become wider, and the problems to which this technique is
applied have become more and more complex. Unfortunately, there is a
price to pay for users of this technology because the diÆculty of master-
ing three-dimensional graphical libraries increases with their functionalities.
However, end users, even physicists or numerical analysts, cannot spend too
much time learning graphical libraries and developing by themselves a set
of tools adapted to their speci�c needs. Visualization is becoming a special-
ization of its own. For this reason, users either visualize data with one or
several dedicated environments and accept restrictions to their functionality
or they require help from a visioneer in order to build a speci�c applica-
tion. In the latter case, users highly depend on visioneers because even
little customizations can lead to a considerable development e�ort.

Our primary goals are, �rst, to achieve a clear separation between the
di�erent actors involved in the process in order to make users less depen-
dent on visioneers, and, second, to propose new and convenient visualization
paradigms in order to make the division of labor between them more e�ec-
tive. To meet these goals, it is of primary importance to de�ne a new,
simple and unique conceptual framework for three-dimensional visualiza-
tion techniques. The standardization of bidimensional graphical techniques,
e.g. bitmap, pixmap, color map, coloring systems, and standardization of
operations applied to them, e.g. scaling, smoothing, rotating, led to the
development of powerful and general purpose graphical software which are
extensively used today. It is part of our thesis that uni�cation of visualiza-
tion techniques can be achieved in the context we de�ned above and that
new kinds of visualization environments can bene�t from this approach.
Thus we will demonstrate that a platform based on these concepts can be
easy to learn, so that users have the degree of autonomy they need, and
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provide an adequate level of extensibility so as to be applicable in several
disciplines.

1.3 Overview

We will start in Chapter 2 (Limitations of existing systems) with a
short survey of the major visualization systems encountered in the domain
of interest. The limitations of these systems as well as the major concep-
tual problems and technical diÆculties the users and visioneers face in this
discipline will be emphasized.

In Chapter 3 (The visualization objects) we, �rst, propose a new
formalization of the visualization process that is closer to the needs of con-
temporary scienti�c visualization. Then, legacy visualization metaphors as
well as abstractions commonly used in this discipline are discussed and a new
metaphor, called a visualization object, that uni�es visualization techniques
is introduced. A few comparisons with older metaphors are undertaken and
bene�ts of the visualization objects approach, for both users and visioneers,
as well as the new possibilities o�ered by this concept are emphasized.

In Chapter 4 (A new kind of visualization system) we address
the gap that exists between users and visioneers with regard to the com-
plexity of the tools and propose a solution to make the division of labor
more e�ective. We then examine more deeply the respective requirements
of both users and visioneers and enumerate the architectural consequences
this has on the development of an \ideal" visualization system. We explain
how a visualization platform can bene�t from the visualization objects con-
cept and how the user interface can be improved. Finally, the advantages of
this concept with regard to the extensibility of the platform as well as the
implication it has on data management are considered.

To prove the soundness of those new ideas, a visualization platform,
called ZoomIn, was built. InChapter 5 (ZoomIn), its general architecture
is sketched, and we explain how the object-oriented paradigm made possible
its construction and provided the versatility required for the implementation
of most of its components.

Chapter 6 (Application to case studies) illustrates the usage of
ZoomIn through case studies in oceanography and hydrogeology. A few
results obtained by users thanks to the platform are given and the e�ort
necessary for the customization of the platform to their real needs is esti-
mated.

The last chapter Chapter 7 (Conclusion) summarizes the advantages
and drawbacks of the approach presented in this thesis. The experience
gained and the actual contribution are mentioned as well as unexpected
problems we encountered. We will �nally give our opinion about the per-
spectives in the �eld of scienti�c visualization and try to make a few pre-
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dictions on tools that will, in the future, assist the users in the analysis of
data.





Chapter 2

Limitations of existing

systems

This chapter will begin with a short survey of existing visualization systems.
Three di�erent categories covering the large variety of visualization systems
will be described. A few characteristic examples of visualization systems for
each category will be given.

Then, a discussion about the major limitations that the users of these
systems encounter { in the application domain we de�ned in the previous
chapter { will follow. We will be interested in the speci�c limitations of each
category in the relevant domains of interactivity, ease-of-use, extensibility,
division of labor, reuse, and performance.

2.1 Classi�cation of existing visualization systems

Numerous visualization systems have been developed on most computer ar-
chitectures [65]. To provide a complete assessment of all these systems would
be an impossible task. Indeed, because an assessment depends on the partic-
ular needs of the person who does it, it is very diÆcult to avoid subjectivity.
To be exhaustive, it is necessary to take into account numerous criteria
such as performance, ease-of-use, extensibility, scalability, price, support,
documentation, hardware and operating systems supported as well as the
community using the tool, the input and output data formats provided and
so on.

As there are so many visualization tools having so many features, we will
not try to give a complete survey. However it is useful for the discussion in
the rest of the thesis to group them very roughly into three categories :

� special purpose applications,

� modular visualization environments, and

9
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� libraries with toolkits.

2.1.1 Special purpose applications

Special purpose applications are dedicated to a particular type of visual-
ization problem. They are sometimes called \turnkey" applications, be-
cause they seem \simple to use" and because complex functionalities re-
quired by the speci�c discipline are accessible thanks to simple manipula-
tions. This kind of application has usually been built in order to satisfy the
classical needs of a given user community. They work on special types of
data related to the nodes of a grid. For instance, a visualization system for
oceanography will work on scalar �elds, like temperature or salinity, and on
vector �elds, like velocity, that are de�ned in a given domain; it allows the
user to obtain di�erent representations of these �elds in selected regions of
interest, like planar cuts or isosurfaces of a given scalar �eld.

Well-known and typical examples are for instance:

� SciAn [80, 102], developed at the Florida State University, is restricted
to scalar and velocity �elds and provides a limited set of tools (contour,
mesh, isosurface, arrow, streamline, streamtube).

� Fieldview [48, 47], from Intelligent Light Inc., is a commercial visual-
ization software that is dedicated to computational 
uid dynamics and
provides mainly �ve tools (computational surface, isosurface, stream-
line, probe, particles).

� Fluent [32], from Fluent Inc., is a commercial numerical solver for
CFD that provides visualization tools. Usually, solvers integrate their
own visualization environment.

To be more exhaustive, systems like EarthVision [29], Ensight [46],
FAST [66], Geomview [104], HIGHEND [74, 97], Plot3D [67], Tecplot [3],
UFAT [68], Vis5D [98], Visual3 [28], VolVis [117] can be classi�ed in this
category.

2.1.2 Modular visualization environments

These environments, also called application builders, are founded on the
data
ow and visual programming paradigms [38]: they provide a number of
prede�ned modules each categorized as �lter, map or render. Roughly,
�lters deal with data management and conversion, maps transform data
to geometries and renders display geometries onto the screen. The outputs
and inputs channels of these modules have to be connected by the user.
Hence the user sets up a network visually by drag and drop. The data
traveling through this network are subject to various transformations and
the results are displayed in a graphical window (see Fig. 2.1).
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Figure 2.1: Modules network in a data
ow system

If there is a lack of functionality, the visioneer has the possibility to
program a module and to add it to the environment. A particular usage
of this kind of visualization systems consists in using them as a programming
library to build a special purpose application. Well-known commercial
systems like AVS/Express or AVS5 from Advanced Visual Systems [113,
2], Data Explorer from IBM [49] and Iris Explorer from Silicon Graphics
and NAG [96, 105] belong to this category.

2.1.3 Libraries with toolkits

In the last years, numerous libraries have been developed in order to provide
multipurpose and standard tools for visualization and computer graphics in
general. They are often provided together with toolkits that ease their
use. Typical examples are Silicon Graphics' OpenGL and OpenInventor
libraries [69, 119, 120].

Based on a higher level of abstraction, the Visualization Toolkit
(VTK) [93] was developed recently. It is a portable object-oriented library
for visioneers who want to quickly build applications or prototypes for their
users. The model supported by this library is the visualization pipeline
also called visualization network (see Fig. 2.2). The pipeline consists of ob-
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jects to represent data (data objects) and objects to operate on data (process
objects). This is very similar to the data
ow paradigm of modular vi-
sualization environments described previously, except that, in the case of
the visualization pipeline, the execution is controlled implicitly (a process
object executes only if its local input or parameters change). Whereas in the
data
ow paradigm, execution is controlled explicitly by an executive com-
ponent tracking the changes to the network and controlling the execution of
the process objects.

Figure 2.2: Example of a visualization network in VTK

2.1.4 Other systems

Of course, certain systems lie between two of those categories. For instance,
di�erent attempts have been made to make special purpose applications
more 
exible . The example of Spray [76, 21] seems to be exemplary in this
respect. In this environment, the data are represented using the metaphor of
a spray acting on a portion of space. It sprays sparts (smart particles) that
react with the data they encounter according to a behavior described by a
program written in a simple language that the sparts interpret. The 
exi-
bility is thus provided by the possibility of implementing various functions
in the sparts.
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2.2 Basic interactivity and diÆculty-of-use

Interactivity as well as ease-of-use play an increasing role, because more
and more users who are not experts in visualization want to take pro�t
of this technology. Generally speaking, it can be stated that the major-
ity of today's visualization systems o�er modest interactive functionalities
compared to other applications such as, for instance, the entertainment or
desktop applications used daily by millions of people.

Among the major and particular diÆculties encountered by visioneers
in order to build eÆcient visualization systems are the complexity of trans-
forming data into comprehensible visual information and the technical re-
quirements imposed by the management of datasets.

2.2.1 Interactivity has severe implications

Due to the volume of data and the complexity of physical phenomena to
visualize, the need of interactive systems o�ering an intuitive and natural
\exploration of datasets" is of paramount importance [31]. By intuitive, we
mean that the interface seems familar and easy-to-learn to the users, and,
by natural, that it operates in such a way that a human ideally needs no
instruction.

\The amount and ease in which insight is gained from the dataset is an
indication of the success of the visualization process. Equally as important
as the development of powerful visualization methods is the development of
techniques and interface methods that make these powerful tools available
to the users..." [75] Certainly, one of the best solutions is to provide the users
with visualization systems that allow direct manipulations of tools the users
are familar with. \The tools should be made accessible in an unencumbered,
direct, and natural way { �rst to gain acceptance from the users, and second
to promote unimpeded investigation of their data without having to think
about the visualization methods... The interface should be so natural to
use that it is almost invisible to the users. In this case, the measure of an
interface's success is its apparent absence from the user's thought process
while investigating their data set." [75]

This easiness is usually o�ered by special purpose applications but this
is neither the case with modular visualization environments, where the user
manipulates the modules network to act indirectly on the graphical objects,
nor with programming libraries. In both systems the user has to develop an
ad hoc graphical user interface { which requires skills in programming { in
order to reach a satisfactory level of interactivity.

Interactivity has severe consequences on data management. Because the
users want to explore datasets and to concentrate on regions of space where
phenomena are expected, it should be possible to restrict the visualization
to the neighborhood of a region of interest. Many of today's visualization
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systems operate on a grid { or a mesh { and are not able to honour neither
\local" access nor interpolated data between the nodes of the grid. This is
certainly one of the main problems to solve in order to successfully build
interactive visualization systems providing:

interactive selection: the ability for a user to select the regions of partic-
ular interest in the datasets, and, if needed to be able to re-run the
simulation for a subset of the space-time domain;

computational steering: the ability to change parameters of the simula-
tion while the simulation is progressing: for instance, to change the
direction and intensity of the wind in an oceanographic simulation.

Such interactive selection or computational steering environments
are becoming a mandatory requirement for large data sets, simply due to
the volume of data to be analyzed [30], but the few prototypes having this
capability are still under development [116].

2.2.2 Advances in virtual environments

Reaching a satisfactory level of interactivity imposes an e�ective naviga-
tion in 3D space as well as an intuitive manipulation of graphical objects.
Indeed, many problems encountered by users are due to the fact that the
projection of three-dimensional graphical objects onto bidimensional screens
causes ambiguities and distortions.

Modern visualization systems have to accomodate the use of virtual re-
ality peripherals { such as a spaceball, stereoglasses, helmets or datagloves
{ in order to help users to visualize three-dimensional datasets. A few vi-
sualization systems propose immersive environments [50, 95, 100] thanks to
virtual reality peripherals.

At the moment, these peripherals are rare, very speci�c, cumbersome,
expensive and have to be used in powerful near real-time interactive systems.
The next task of engineers will be to improve their accuracy as well as to
diminish the size of these devices. Furthermore, research is still needed in
order to �nd appropriate methaphors of gesture [75] to interact directly with
the virtual objects or to invoke commands inside the immersive environments
because there is no more classical graphical user interface.

2.2.3 Collaborative work

The increasing performance of local area networks (LAN) and wide area
networks (WAN) o�er new perspectives for collaborative work. Except for
a few systems [77], most visualization systems are engineered to be used
in single-user mode and do not integrate the possibility to collaborate on
visualization sessions from many computers, either locally { in the same site
{, or remotely through the Internet.
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Collaboration between researchers or practioners dispersed all around
the world is becoming a requirement. Although this capability is desirable
for many teams, integrating collaborative work into visualization systems
is not straightforward. It has signi�cant implications on software design
because of the functionalities that have to be added to the user interface and
because of the technical problems imposed by the networked architectures,
such as:

� access control over graphical objects,

� private and shared views,

� synchronous and asynchronous collaboration modes,

� data access, and

� software portability and data format over heterogeneous networks.

2.2.4 DiÆculty of use

Will Schroeder, Ken Martin and Bill Lorensen [93] wrote: \Visualization
systems are by their very nature designed for human interaction. As a result
they must be easy to use." Proclaiming that a certain visualization system is
easy to use and that another is not, is risky. This quality depends very often
on the user's level of expertise and on the speci�c functionalities that the
system o�ers. But it is sure that, for non-specialists and for casual users, the
necessity of reading and understanding hundreds pages of documentation or
thousands of lines of code before obtaining any result is discouraging.

In the past, visualization systems were reserved for researchers of disci-
plines close to computer science. They had, and were able, to spend the time
necessary to understand in detail and to master the visualization packages.
But now, environments have to become easier to use in order to provide
eÆcient solutions for users from other disciplines, e.g. for natural science
researchers.

Today, certainly the best solution is o�ered by special purpose appli-
cations and the worst one by libraries with toolkits. Modular visualiza-
tion environments (MVE) lie between these two extremes thanks to the
visual programming paradigm. However, as pointed out by Earnshaw and
Jern [30], large module suites are diÆcult to manage. Although their main
advantage is their generality and their extensibility { which explains their
popularity { their drawbacks appear quickly when users face the problem of
using them. It is due to many reasons:

� They are not tailored to an application and extensive programming,
albeit visual, is required to set up an application. \This is an obvious
weakness because users expect to be able to turn it on and go" [13, 7].
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� Because strong data type is usually required between modules, a pro-
fusion of modules with almost identical functionality have to be intro-
duced, which discourages the novice.

� Because almost each module has its own parameters to tune, each one
has its own interface widget; this leads quickly to a fragmented and
incoherent graphical user interface. The complexity of maintaining
all these elements grows rapidly1 with the number of interconnected
modules.

� The graphical user interface is not uniform between the applications
and the functionalities are reduced because it is often necessary to re-
develop them for each problem due to the lack of abstraction at the
application level.

2.3 Limited extensibility and versatility

Just as for other kinds of software, extending a visualization system with
functionalities for which it was not designed is very diÆcult, if not impos-
sible. Unfortunately, the need to extend a visualization system is common
due to the in�nity of imaginable techniques for the visualization of data and
due to the unpredictability of the way the interesting phenomena will be
discovered. This imposes a high degree of versatility to general visualization
systems.

Ideally, it should be possible to extend a visualization system with new
visualization primitives, device and dataset drivers. But the reality is com-
pletely di�erent because of the technical implications it has. In fact it is
not simple to extend a visualization system or to customize it to a speci�c
problem: it is usually reserved to visioneers or advanced users who have
extensive experience in programming.

2.3.1 Special purpose applications are not extensible

At �rst glance, special purpose applications seem ideal for users because
they allegedly are easy to use and well-suited for their speci�c needs. From
the beginning, the user feels comfortable because, thanks to an easy to learn
user interface, he does not need to program anything. This is the case when
the visualization package is fully integrated with the numerical simulator,
because the user does not even need to care about data management. How-
ever, these environments show their limitations rather soon as they usually
are diÆcult to extend. The user has to be satis�ed with the functionalities

1As depicted in the simple example of Figure 2.1, the user has to control 6 modules,
each having its own control panel, and 7 links in order to produce only 1 graphical object
(and its accompanying color scale) representing the function!
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they o�er and to adapt his way of thinking and working to the logic of the
application. This is especially the case for visualization systems integrated
with numerical simulators where only the manufacturer is able to release
new or customized visualization tools.

In practice, however, the user is often forced to use several environments
in order to perform his analysis. This leads to painful and time-consuming
technical problems like data conversion from one format to another, not to
speak of the diÆculty of merging the results produced by di�erent systems.

As is the case for Spray [76], a scripting language represents a powerful
means of extending such a system. However, it is not always accessible to
the casual user, who therefore remains dependent on a visioneer.

2.3.2 Extension of visualization systems requires expertise

Generally speaking, extending a visualization system with ad hoc visualiza-
tion techniques always requires expertise. And because problems for which
visualization is useful are varied, the need of extending systems appears
rather quickly. It is not suÆcient to master basic programming, e.g. to
know a language like C/C++ : several software technical diÆculties have
to be tackled:

� access to the data;

� understanding of the 3D graphical system and primitives, and

� design and implementation of a user interface.

This kind of knowledge is far outside the reach of many users, especially
those we consider, because they are not programmers and do not want to
develop anything.

Certainly today's best solution for users is o�ered by modular visual-
ization environments when used as application builders: the very last ver-
sions of modular visualization environments, such as AVS Express provide
front-end and rapid application development wizards in order to minimize
the work of programmers. These components provide an additional layer
that helps to quickly build a prototype of the graphical user interface. This
consists in implementing a speci�c graphical user interface hiding the net-
work with a centralized command panel allowing direct manipulations of
graphical objects. Thus, one can develop a special purpose application from
scratch or by adapting existing modules.

Unfortunately these components shift the problem. Rapid development
tools that generate code automatically certainly save time for tedious de-
velopment such as, for instance, the design of dialog boxes and of pop-up
menus. But time and expertise are needed to master this kind of tool, and
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a great experience is required, as soon as one wants to undertake the de-
velopment of prototypes or customize the samples produced by the wizards
that are provided by these tools. \Visual programming is too limited for
detailed control, so construction of complex low-level algorithms and user
interfaces is not feasible." [93] and it is the main reason why \modular visu-
alization environments require a considerable e�ort from users" [100] to be
customized to their real needs.

2.3.3 Conclusion

To summarize brie
y this section, we come to the conclusion that in our
�eld of interest and for the users we consider:

� either visualization environments or libraries are extensible but require
an important development or support e�ort from the visioneer in order
to be usable by the user;

� or the application is easy to use but its extensibility is limited.

2.4 IneÆcient division of labor

As the problems under study become more and more complex, a particular
division of labor is taking place. All actors involved in the visualization
and analysis process have to be specialists of their own domain in order
to take up challenges and to achieve a good level of productivity. End
users cannot spend too much time on tooling problems because they have to
concentrate on their main activity. This situation imposes a new challenge
to visualization systems.

The division of labor was not the primary concern of the people that
developed general visualization systems because :

� the users were at the same time applied mathematicians, visioneers
and end users, and

� the development of qualitative and ad hoc visualization techniques was
the primary step.

Because the problem is emerging and because we did not �nd anything in
the literature about it, we will try to give a rough evaluation of the situation
based on our experiences with users.

The three graphs in Figure 2.3 depict the amount of e�ort invested
through time in the customization of each category of existing visualiza-
tion system for a typical problem.

In the case of special purpose applications, the visioneer intervenes only
at the beginning of the investigation in order to convert the data or setup
the software preferences (case 1). After that, the user is autonomous, and
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Figure 2.3: Programming and user support e�ort

usually does not need any further help from a visioneer because no cus-
tomization of the application is possible.

Because of the complexity of modular visualization environments, the
visioneer has to give the user intensive support during the whole process of
data exploration, modifying the network or programming new visualization
modules (case 2). Both the setup of a speci�c environment and its mainte-
nance requires an important investment. The user is fully dependent on the
visioneer from the beginning to the end of his investigations. This case is
illustrated with the second graph in Figure 2.3.

As illustrated with the third graph in Figure 2.3 , our experience has
shown that it requires more or less the same e�ort to develop a standalone
application with a MVE { used as an application builder { as it takes with
a good visualization library (case 3).

It is interesting to notice that there are two signi�cant di�erences be-
tween case 2) and 3). The �rst di�erence resides in the fact that the vi-
sioneer's e�ort in case 3) is more important { because almost every compo-
nent have to be developped from scratch {, but limited in time { because,
once the application is running, users support is mimimum due to the fact
that the application is customized to their particular needs. Moreover, in
case 3), the application is generally not easily extensible, just as for case 1).

Thus it appears that none of these three situations provide a good solu-
tion in terms of division of labor. A visualization system providing a large
autonomy for users and minimizing the customization and support e�ort of
the visioneer has still to be found.

2.5 InsuÆcient reuse

The \recent" analysis and design methods [36, 12, 118] as well as object-
oriented technology had an important impact on the development of soft-
ware. The quality of a system not only depends on the functionalities it
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o�ers once and for all, as is the case for special purpose applications, but
also on its genericity, on the possibilities of reuse, on its customizability for
a wide community and adaptability to new problems and new kinds of data.
In order to increase productivity, reuse has become a major issue in every
new development. Object-oriented analysis and design methods are eÆ-
cient and can be applied successfully to scienti�c visualization systems [15].
Abstracting information and organizing it into class hierarchies as well as
managing objects abstractly using polymorphism are powerful mechanisms
that can drastically increase reuse in this discipline.

Several visualization systems such as Plot3D, UFAT and FAST [67, 53,
66] were not designed with reuse in mind, because, �rst, eÆciency was the
primary concern { they were developed around algorithms optimized for a
speci�c task { and, second, they were engineered before the emergence of
object-oriented technology.

The result is that much work is invested in implementing a set of appli-
cations that usually cannot be reused by other teams because they are not
designed with a suÆcient level of abstraction. There are numerous examples
of powerful visualization techniques that were implemented in some pack-
age, but left unused because they could neither be conveniently integrated
into existing applications nor linked together within a general environment
accessible to the user. This is not very productive and rather frustrating
both for the scienti�c visualization community and for users.

2.6 Low performance

2.6.1 Data management

Certainly one of the major criticism of today's visualization systems is their
inability to handle large datasets. It can be stated that in the particular
discipline of scienti�c visualization, the increase of computing performance
is an order of magnitude below the needs of the community. On this subject
Steve Bryson commented [100]:

\The problems addressed in real-time scienti�c visualization will, how-

ever, far outstrip the advances in technology. Increased computational

capability will be used to perform simulations that produce far larger

data sets, and contain far more phenomena. There are several ways in

which this will occur: the spatial and temporal resolution will increase

for enhanced accuracy, increasing the number of points and timesteps;

and multi-disciplinary simulations will be performed, including many

phenomena in a single data set. Thus the size of data sets will increase

dramatically over the next few years."
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Because data transfer from mass storage to memory remains a bottleneck
for many computers, datasets produced by number crunchers have to be
organized and processed adequately. Even for middle sized datasets that
currently reach many hundreds of megabytes, it is not possible to load them
entirely into the memory of a classic workstation and to expect a good job
from its virtual memory manager.

Many existing visualization systems [80, 48, 76, 98] load all timesteps of
datasets into memory even if the user is interested in visualizing data in the
neighborhood of a speci�c point and only for a given range of time. This sit-
uation is certainly due to the fact that today's systems are simple extensions
of �rst generation visualization systems that were thought to work in batch
mode, without any interactivity. At minimum, existing systems should be
re-engineered in order to accomodate the volume of contemporary datasets.

Other visualization systems [113, 96, 93] use another data model called
data
ow. As explained previously, the mechanism is the following : the
data are traveling through modules that successively convert, transform or
select portions of the original data. Finally, the data are mapped into a
graphical primitive and rendered onto the screen. Because most �lters do
not accept every kind of data structure as input, some speci�c �lters are
inserted along the path in order to convert the data adequately. For instance,
a �lter can interpolate data from a �nite element dataset to a rectilinear
grid in order to be accepted by the next �lter. Basic implementations of
the data
ow model pass a copy of the data. This leads to double or triple
the volume of information to manage even if avanced mechanisms avoiding
copying of the data are added. Although such optimizations undoubtedly
accelerate the response of systems, the performance is still insuÆcient for
interactive visualizations:

\Any change to the data set necessitates reading it in once more and

repeating the process. Thus interaction rates depend principally on the

speed with which the data
ow pipeline can process the data, severely

limiting the speed of interaction with large data sets". [84].

\Because data
ow systems transform the entire data set, they are

not well suited to the near-real-time visualization of time-varying data

because of the very large amounts of data involved". [17]

As mentioned by several authors [30, 84, 109], the increasing volume and
variety of data, and the need of interactive visualization systems, require the
development of a new models for data management providing among other
things :

� scalability;

� the integration of visualization and simulation;
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� the distribution of data over a LAN and/or a WAN;

� a good compromise between extensibility and performance,

� a common interface to access to disparate data objects, and

� the computation of derived data on the 
y.

2.6.2 Rendering

Another bottleneck for interactive visualization systems appears when a
large quantity of non-trivial graphical objects have to be rendered at a suf-
�cient frame rate. The computations needed to render these objects are
intensive. The stages of the graphical pipeline { such as face culling, levels
of details, shading, z-bu�ering { are accomplished by software or hardware
and require millions of 
oating point operations.

Although spectacular progress were made in the last few years, the limits
are easily reached when numerous objects have to be rendered simultane-
ously at a sustained rate of 24 frames per second in order to create the
illusion of dynamics. This causes delays and latencies that disturb the user
during his manipulations. Moreover, because many visualization systems do
not allow a �ne control over the graphical objects and the region of user's
interest, visual clutter is quickly reached as well as the latencies accompa-
nying it.

Addressing this particular problem is out of the scope of this thesis.
However, it is obvious that concepts allowing the development of ad hoc
user interface able to improve the control of graphical objects are useful and
can contribute indirectly to increase the global performance.



Chapter 3

Visualization objects

In this chapter a new model for the visualization process, called interactive
visualization process, will be introduced. It takes account of the needs of
interactivity imposed by the ever growing community of people who want
to take pro�t of scienti�c visualization.

Then, we will point out one of the key problems end-users encounter
in scienti�c visualization: the low abstraction level and the lack of conve-
nient metaphors provided to users at the application level. We will try to
explain why it is essential to remedy this problem. Nevertheless, a set of
metaphors that were successfully used in existing visualization systems will
be presented.

The next section will propose the central idea of this thesis : a new
conceptual framework unifying most visualization techniques. It
consists in a hierarchy of objects dedicated to scienti�c visualization, called
the visualization objects, for which we will give an in-depth, semi-formal
description. These objects will be compared to the metaphors described
previously: the di�erences and bene�ts of this new approach will be empha-
sized.

Then, we will explain how this approach brings solutions to the main
limitations of existing visualization systems that were described in the pre-
vious chapter. In particular, how a visualization platform satisfying both
the requirements of ease-of-learning and of extensibility can be built
thanks to this conceptual framework.

Finally, the bene�ts in terms of rapid prototyping and reuse will be
emphasized and the new perspectives o�ered by the concept in the �eld of
a client-server achitecture, collaborative work and computational
steering in scienti�c visualization will be investigated.

23
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Figure 3.1: The visualization process

3.1 The visualization process

3.1.1 A classical visualization process formalization

Scienti�c visualization is usually viewed as a multi-stage process beginning
from simulation results and ending at a displayable image. Since the early
days of scienti�c visualization, several visioneers [39, 93, 8] proposed more
or less detailed formalizations of this process. Haber and McNabb [38] gave
their own formalization of the visualization process that was largely accepted
and reused by the visioneer community.

As depicted in Figure 3.1, this process is composed of four stages (A{D)
and three transformations (1{3):

1) Data enrichment and enhancement: This �rst transformation op-
erates on the raw data (A) provided by the simulation and modi�es
it in one or more ways to derive data (B) for subsequent visualization
operations.

2) Visualization mapping: The second transformation constructs an imag-
inary object called an \abstract visualization object" (AVO) (C) from
the derived data produced by enhancement and enrichment. Typi-
cally, this involves mapping the simulation data into the attributes
�elds that describe the AVO.

3) Rendering: The last transformation operates on the AVO to produce
a displayable image (D).

The sequence of these stages and transformations forms what Haber
and McNabb [38] name a visualization idiom by analogy with a verbal
idiom of a language. \Just as a listener has diÆculty understanding a verbal
idiom in a foreign language, a viewer is unable to interpret a visualization
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Figure 3.2: The interactive visualization process

display scienti�cally without an explicit understanding of the steps in the
visualization idiom used to generate it."

This formalization and the idea of encapsulating each kind of transfor-
mation into a speci�c module type as well as the possibility for users to
interconnect them interactively with visual programming techniques gave
birth to the modular visualization environments paradigm.

However, when applied to our particular class of problems, this formal-
ization is incomplete: �rst, it does not consider the user in the process and
does not include the problem of interactivity. The visualization process
is viewed as a batch oriented process in postprocessing mode and the user
does not have the ability to use the AVO to interactively explore the dataset.
Second, it reduces the results of the visualization process to an ultimate im-
age that does not seem to o�er any solution for interactive selection nor
computational steering.

Because, our work aims at providing a solution for the requirements of
interactivity allowing exploration of the datasets, we propose a new model by
integrating the user into the process and by considering that user interaction
{ with the graphical objects produced { can feed again the \pipeline". Called
the interactive visualization process, this new model will be described
in the next section.

3.1.2 The interactive visualization process

Figure 3.2 illustrates what we de�ne as the interactive visualization pro-
cess. In this de�nition, the visualization process is no longer depicted as a
\pipelined process", but it is represented by a ring of processes that are
driven by the user.

The linking of processes starts with the simulation (1) according to
the simulation parameters (A) that are given either statically or inter-
actively by the user. The simulation generates simulation data (B) that
are enriched or enhanced (2) in order to produce derived data (C).
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Then, derived data are queried (3) in order to produce the visualiza-
tion objects (D). The user interacts with the visualization objects in order
to visualize the data by interactive exploration or to control the sim-
ulation (4) by updating the simulation parameters { either through the
visualization objects representing them graphically, or directly, for instance,
through another component of the graphical user interface.

By integrating the simulation parameters and the simulation into
the whole process, we close the loop between the production of numerical
data and the visualization system. This is the only means of tackling the
problem of the production of huge data sets and of taking pro�t from the
fact that only a small part of them is useful and really interesting during
a particular interactive exploration. Thus, the visualization process is no
more merely a postprocessor but is integrated with the simulation.

Notice that, in this process, derived data, which can be visualized at
their turn, can result either from the visualization objects creation or from
the user interaction { see the bidirectional arrows in 3). The displayable
image stage as well as the rendering and visualization mapping trans-
formations of the classic model are absent from this new model. They will be
considered as a subprocess that produces the visualization objects (D).
This point will be described more precisely in the 'Detailing visualization
mapping' and 'The visualization objects formalization' sections of this chap-
ter.

3.2 Higher abstraction levels

A suÆcient abstraction level is decisive for a visualization system able to
provide a large variety of visualization techniques through an easy-to-learn
user interface. Indeed, as pointed out by Haber and McNabb [38], \most
scientists forego visualization altogether unless provided with high-level tools
that keep their energies focused on their science.".

For these users, abstractions at the application level is of paramount
importance: this is perfectly illustrated by the popularity reached by modern
software, for instancewordprocessing, spreadsheets and databases, due
to the abstraction level they provide in the application layer. Without any
doubt, thanks to expressivemetaphors like styles, cells or queries, these
software o�er a high level of genericity and ease-of-use.

In the following section, we will examine representative examples among
the most interesting metaphors that were imagined in the �eld of scienti�c
visualization.

3.2.1 Visualization metaphors

Merriam-Webster's dictionary [61] de�nes metaphor as \a �gure of speech
in which a word or phrase literally denoting one kind of object or idea is used
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in place of another to suggest a likeness or analogy between them". Applied
to scienti�c visualization, we propose to de�ne a visualization metaphor
as \an idea abstracting the visualization mapping and allowing the users
to investigate their data without having to think about the visualization
methods".

Fundamental work has been achieved by other teams in order to provide
well-suited metaphors for the visualization of datasets. This gave birth to
several useful metaphors that will be described more precisely hereafter.

3.2.2 AVO

In their conceptual model [38], Haber and McNabb introduced the term
AVO, an acronym for Abstract Visualization Object, as \an imaginary ob-
ject with some extent in space and time", whose \attribute �elds might
include geometry, time, color, transparency, luminosity, re
ectance, and sur-
face texture". An AVO is the result of the visualization mapping stage of
the visualization process seen above, i.e. the transformation mapping the
derived data to the AVO �elds according to a given transfer function.
\The time and geometry �elds in the AVO need not correspond to similar
quantities in the simulation domain. For example, we can map the simu-
lation z coordinate to time in the AVO model to produce an animation of
sequential, horizontal slices through a volumetric domain [...] No fool-proof
method exists to derive e�ective transfer functions, so interactive systems
for real-time modi�cations of the transfer functions are e�ective tools for
exploring computational data sets."

3.2.3 Spray rendering and sparts

\Spray rendering uses the metaphor of spray cans to paint and visualize
datasets. Conceptually, visualization users grab and aim spray cans into
their datasets. Depending on the type of paint in the can, di�erent data
features are highlighted and rendered. The paint particles are referred to as
sparts, which stands for smart particles. They combine the power of both
particles systems and behavioral animation to seek out and highlight features
of interest in the dataset" [76, 78, 77]. These sparts have a speci�c behavior
{ which can be described interactively thanks to a simple scripting language
{ and produce a collection of local graphical shape, whose attributes depend
on the value of the data they encounter. What is particularly interesting in
this attempt is the fact that the techniques of surface, volume and 
ow
visualization are generalized and that spray rendering allows selective
progressive re�nement, i.e. the ability for a user to concentrate on the
phenomena occuring in a precise region of interest.
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3.2.4 Glyphs and Glyphmaker

\Glyphs are graphical objects whose attributes { position, size, shape,
color, orientation, etc. { are bound to data. These objects can be e�ective in
depicting discrete data such as macromolecular structure and interactions,
but they have also proved their usefulness in representing variables such as
wind speed and direction in atmospheric dynamics simulations and observa-
tions. Glyphs owe their e�ectiveness to human eye-brain system's ability to
discern �nely resolved spatial relationships and di�erences in shape. They
allow the user to display and correlate several variables at once. A researcher
can, for example, distinguish two variables by binding them to the visually
orthogonal representations for shape distortion and pseudocoloring" [83].

Glyphmaker allows non-expert users to customize their own graphical
representations using a simple glyph editor and a point-and-click bind-
ing editor named glyph binder. In particular, users can create and then
alter bindings to visual representations, bring in new data or glyphs with
associated bindings, change ranges for bound data, and do these operations
interactively.

3.2.5 Parametrized Geometric Objects

Inspired by the glyph metaphor described above, Mulder and van Wijk [115,
64] imagined a similar object called Parametrized Geometric Object
(PGO). They built also an interactive tool named 3D PGO editor, which
is part of their Computational Steering Environment (CSE). In this
environment, users bind graphical objects { like sphere, cubes or cylinder {
to variables by parametrizing the geometry and attributes of their shape with
data by means of the PGO editor. Because the goal of authors is to provide
a general environment for computational steering, they have implemented
a two-way communication between graphical objects and data so that users
may also drive the simulation by interacting with graphical objects.

3.2.6 VTK actors

In VTK [93], Schroeder, Martin and Lorensen de�ned actors in order to
represent abstractly any entity in a rendering scene. Used at the ultimate
stage of the pipeline, an actor maintains a reference to the rendering prop-
erties and the de�ning geometry, that is given as input by a mapper object
converting data to graphical primitives. At the end, all actors are collected
and put into an actors collection which is given in input to a general
renderer.
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3.3 Detailing the visualization mapping

By carefully examining the de�nition of the metaphors described above,
one notices two things. First, the authors of these metaphors systemati-
cally referred to the notion of object and, second, they introduced their
own solution for the binding of data and graphical objects with high level
mechanism, i.e. without having recourse to heavy programming techniques.
Undoubtedly, this kind of approach supercedes the classic notion of image
and hardcoded image processing techniques that were the foundations of
most older visualization systems. Certainly the main reason for that is the
fact that recent visualization systems have to integrate advanced interactive
means in order to be accessible for casual users. Thus, graphical primitives
are grouped into entities so that the users can manage well-identi�ed objects.

In order to provide well-suited methaphors usable for a wide range of
applications, it is essential to examine in greater detail the notion of visual-
ization mapping. Haber and McNabb considered the visualization mapping
as an atomic operation that maps the derived data to graphical primitives
by means of a transfer function. However, it can be more interesting to
re�ne this de�nition and to decompose the visualization mapping in three
distinct steps:

1. the de�nition of the transfer function,

2. the result of the application of the function to given parameters, and

3. the results produced by the mapping.

As we will see in the following sections, separating the function from its
application on parameters and from the results produced allows to imagine
useful metaphors and abstractions for each of the three distinct steps.

3.3.1 De�ning the transfer function

As explained in Section 3.1.2, the transfer function is the mapping of derived
data onto a graphical representation. For instance, a transfer fonction can
be the mapping of the magnitude of the velocity at a given instant and
position onto the height of a cone representing also the velocity direction by
the rotation angle around its gravity center.

For many visualization techniques, the transfer function is de�ned once
and for all, but it is essential that the function can be adapted to full�ll
the particular needs of users. Ideally, it should be possible to de�ne this
function interactively { as it is the case in Spray, Glyphmaker and CSE.
But practically, because most mappings are non-trivial, only the expression
power of a programming language can provide a general solution.
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3.3.2 Mapping the function on parameters

After the de�nition of the function and the set of parameters, the second
stage consists in applying the function to the instantiated parameters. This
step corresponds to the visualization mapping transformation of the classical
visualization process (see Section 3.1.1). It is generally achieved by the user
or automatically by the system. Four types of parameters can be identi�ed:

1. spatial parameters,

2. temporal parameters,

3. a source of data, for instance, the dataset and �eld of interest, and

4. rendering parameters such as, for instance, a color map for pseudocol-
oring.

The parameters can be introduced using several input devices as for instance
keyboard, microphone, mouse or VR peripherals.

3.3.3 The results produced by the mapping

Then, the application of the function to the parameters produces a result.
It mainly consists in a virtual object that is displayed onto the screen {
by taking into account the rendering parameters { as a graphical object.
Contrary to the classic visualization process (see Section 3.1.1), the result
of the mapping is a virtual object existing in the mental representation of
the user. This object is no longer reduced to a displayable image but the
user is able to interact with it: this object is an indivisible entity that the
user can control directly.

The mapping can also generate derived data: for example, the creation
of an isosurface usually generates a closed surface whose volume can be an
interesting quantity to visualize. Convenient metaphors will be proposed in
the next section so that the users can have access to such conceptual objects
in a direct and natural way.

3.4 The visualization objects formalization

The concept of visualization objects that will be proposed in this section,
will de�ne three simple metaphors { whose role can be easily understood
by the user and which generalize most visualization techniques { correspond-
ing to the three steps described in the previous section.

We propose to re�ne the concept of Haber and McNabb'sAVO [38], with
a slightly di�erent meaning, using a hierarchy composed of three abstraction
levels (Fig. 3.3):
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Figure 3.3: Visualization object hierarchy

� An AVO (Abstract Visualization Object) is a function that maps a
set of parameters onto a geometric object with certain properties.
Three of them can be identi�ed because they play a particular role in
the creation of the geometric object:

{ the source: the data on which the AVO acts;

{ the time: the time at which the AVO acts;

{ the region of interest: the place where the AVO acts.

The cutting plane is an example of such an AVO, the source being a
scalar �eld, the region of interest being a plane, and the color map
being an additional parameter.

� A CVO (Concrete Visualization Object) is a 3D object which exists
only in the conceptual world of the user. The \semi-transparent cut-
ting plane of the temperature �eld in the plane x = 7 and at time
t = 22" (with the corresponding color, re
ectance and texture) is an
example of a CVO. A CVO thus encompasses attributes including
color, transparency, and so on. More formally:

CVO = AVO(parameters )

where parameters = fsource, time, region of interest, . . . g

In the example we mentioned, the source is the temperature �eld,
the time is t = 22, the region of interest is the plane x = 7, the �rst
additional parameter is the color map, and so on.
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� For some purposes, it is necessary to isolate the pure geometry of
a CVO; it will be called a GVO (Geometric Visualization Object).
As an example, a user might consider the GVO \semi-transparent
cutting plane of the temperature �eld in the plane x = 7 and at time
t = 22", and, later on, view it as a non-transparent object whose
coloring expresses the salinity; together with this attribute, the GVO
becomes again a CVO.

� A RVO (Represented Visualization Object) is the approximation of
the (ideal) CVO which is manipulated by the graphical system. Whereas
in our example the CVO \semi-transparent cutting plane of the tem-
perature �eld in the plane x = 7 and at time t = 22" has a smooth
contour, the corresponding RVO is a polygon composed of a set of
triangles which is projected onto the screen.

Several advantages will issue from this new approach as will be demon-
strated in the next sections of this chapter. But �rst, let us compare this
concept with the aforementioned metaphors.

3.5 Comparison with other abstractions

3.5.1 AVO, modules and visual programming

Haber and McNabb's de�nition of the AVO as well as their idea of providing
the users with an environment in which \the sequence of transformations
could be con�gurable at run-time thanks to visual programming" gave birth
to modular visualization environments.

Although the visualization objects concept is inspired by the visualiza-
tion process formalization given by Haber and McNabb, it di�ers fundamen-
tally in the following points:

� The notion of AVO does not correspond to the same abstraction: in
our case, the AVO provides an abstraction for the visualization map-
ping whereas in Haber and McNabb's de�nition it provides an abstrac-
tion for the result of the visualization mapping, which corresponds to
the RVO in our concept.

� The degree of abstraction for users at the application level is higher in
our concept: the data
ow paradigm and the modules { according to
their authors [38] { were primarily an implementation choice in order
to allow for a concurrent execution. This explains the functional re-
dundancy of the modules in the modular visualization environments,
and the strong data type of their inputs and outputs. On the contrary,
the visualization objects concept is based on a top-down approach tar-
geted to end-users. A visualization object can be seen as a pattern of
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modules avoiding redundancy at the application level and responsible
at the same time for data query, data transformation and visualization
mapping.

� In our concept, the users interact with an environment that is object
centric rather than data processing oriented.

� The purpose of data
ow and visual programming was to allow a de�ni-
tion of the visualization mapping interactively without having to write
new code { what seems ideal { whereas in our case the visualization
mapping is encapsulated and has to be implemented once and for all in
the AVO. This is a deliberate choice, more realistic, because the task
of de�ning the visual mapping becomes rapidly very complicated and
recourse to complex programming is required. And we consider that
it is not the role of end-users. Thanks to our approach, the division of
labor can be more e�ective and productivity, as well as reuse, can be
increased.

� Space and time are not treated as particular dimensions in modu-
lar visualization environments { this can be an advantage for multi-
dimensional analysis, but this implies additional developments for our
particular class of problems { especially in order to implement interac-
tive selection mechanisms. In the visualization objects concept, space
and time dimensions are treated as particular parameters.

3.5.2 Sparts

The concept of sparts is powerful { it has proved to be eÆcient, intuitive and
versatile in several case studies { and it is very diÆcult to challenge it. The
concept provides interactive exploratory visualization as well as the ability
to de�ne at run-time the behavior of a spart { the transfer function { using
a simple scripting language. However, we see two reasons, one conceptual
and one technical, why the visualization object concept is more powerful.

The conceptual limitation of sparts is the fact that certain visualization
techniques cannot { or only with diÆculty { be implemented using this
concept because any visualization result has to be decomposable into simple
graphical primitives released by the sparts. The graphical abstraction is
not suÆcient enough to accommodate visualization techniques such as, for
instance, sophisticated probing (see Fig. C.4) or texture techniques (see
Fig. C.3). The scripting language does not help to remedy this problem,
because it is not general enough to cover the most important needs of the
users.

The technical drawback { as granted by the authors themselves [20] { is
due to the fact that the system only supports data that are sampled on a
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regular grid. Because it does not provide any abstract interface to the data,
every dataset has to be resampled.

3.5.3 PGO and Glyphmaker's glyphs

In the case of the Parametrized Geometric Objects in CSE and the Glyph-
maker's glyphs, the binding of the graphical primitives to data, although
interactive, is limited to simple shapes. Indeed, it is very diÆcult, for in-
stance, to produce realistic texture representing a 
ow �eld with the help
of a few line segments and boxes. In fact, the primary goal of PGOs and
glyphs was to be used as local probes and not to accommodate more global
visualization techniques like cutting planes or isosurfaces. As is the case for
sparts, the graphical abstraction level is insuÆcient to describe a large set
of visualization techniques.

3.5.4 Actors

The work achieved by the VTK team demonstrated that an object-oriented
approach providing a uni�cation of visualization techniques and an abstrac-
tion of the data source is feasible. At the moment, the performance is not
completely satisfactory because the abstract interface to the datasets re-
quires many more computations in order to query the data and because the
render engine is not yet fully optimized. For many people this is not accept-
able nor powerful enough, but we are convinced that the object-oriented
approach with abstract interfaces is the only way to achieve a satisfying
level of reusability.

Our own work goes in the same direction, but it relies on a higher level of
abstraction and is closer to users' requirements. Indeed, the concept of ac-
tors generalizes graphical objects only in terms of their graphical properties,
for instance position, color or shading and does not abstract the functional
aspect of the visualization techniques, for which external mappers are re-
sponsible.

Furthermore, actors do not integrate any notion of time, although it is
a crucial issue for the visualization of time-dependent datasets. The only
workaround consists in managing this parameter outside of the actor { by
means of dedicated homemade components { as is the case in modular visu-
alization environments. There is no high-level event management associated
to the actors, so that it is very diÆcult to implement standard mechanisms
such as object selection or manipulation.

It can be stated that VTK is a excellent object-oriented implementation
of a data
ow system { it is described as such by its authors themselves
{ whose goal is to provide the visioneers with a reusable toolkit so that
they can build dedicated applications more eÆciently. It does not o�er any
metaphor at the application level to the users we consider because of the
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necessary recourse to programming. Compared to the visualization objects
concept, actors o�er an abstraction level equivalent to the RVO metaphor,
but nothing more.

3.6 Easy to learn thanks to programming by ex-

ample

We start with an analogy. Let us think about the di�erence between a
general programming language and a spreadsheet processor. On the one
hand, a general programming language is certainly more 
exible and much
more powerful than a spreadsheet processor. On the other hand, spreadsheet
processors are used throughout the world by a high percentage of clerks in
all kinds of businesses and administrations, not to mention their managers
and numerous scientists; the number of their users far exceeds the number
of programmers who use a general programming language. Most of these
clerks do not have a clue of what computer scientists call programming; but,
setting up a spreadsheet is de�nitely a form of programming, i.e. establishing
more or less complex relations between quantities, whose value can be set
afterwards and modi�ed at will. The point is that

� a spreadsheet is, �rst of all, a rectangular table, which is a structure
that is both ubiquitous and well understood by these clerks;

� notwithstanding this simple structure, the functionalities o�ered by a
spreadsheet processor cover an unexpectedly high proportion of the
computational needs of many of their users;

� the user establishes the relations between the entries in a concrete
and intuitive way by setting up one instance and by transporting a
dependency from one place to others; it is programming \by ex-
ample".

It is our thesis that, in order to be accessible to non-programmers, the vi-
sualization systems have to pass from the abstraction level of a general
programming language to the abstraction level of a spreadsheet.
Only if this condition is satis�ed, will these environments, to a large extent,
enable the end-users themselves to satisfy their own needs.

This is exactly what the visualization objects paradigm o�ers. It allows
for familiar and easy to learn manipulations: for instance, copying of a
cutting plane from one region of interest (ROI) to another, or from one time
step to another, produces a new cutting plane that inherits the parameters
of the original and refers to the new ROI or to the new time step. More
precisely, what happens is the following:
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i) the original cutting plane, a CVO, is the result of the application of
an AVO (i.e. a function) with a set of parameters (e.g. t = 22, \semi-
transparent object") to the ROI (plane x = 7); and

ii) the copy operation applies this AVO with the same set of parameters
to the new ROI or to the new time step.

Such a move in space can, for instance, be applied to a probe so as
to compare the values of a �eld in di�erent points; a copy in time of a
cutting plane shows the evolution of the �eld (see Fig. C.25). For the user,
programming is thus replaced by de�ning a graphical function by its e�ect
in a particular situation and by updating its parameters with copy and move
operations.

3.7 Extensibility, rapid prototyping and reuse

Rapid prototyping is an important issue in scienti�c visualization. Dedicated
visualization tools often have to be developed in order to satisfy the speci�c
needs of users. Usually, a rough visualization tool is implemented and users
test whether it is actually usable or not. In this situation, a platform o�ering
the possibility to quickly implement a prototype, and to re�ne it afterwards,
is useful.

The simple and unique conceptual framework o�ered by the visualization
objects concept provides the uni�cation of most visualization techniques.
Thus, one can imagine a visualization platform in which new visualization
techniques are implemented and inserted, for instance, in the form of plug-
ins. Hence, a visioneer can concentrate on the visualization technique itself,
and, as far as he conforms to the API provided by the platform, he is able
to implement a new prototype rapidly. The platform does the rest.

An object-oriented implementation of the visualization object concept
would certainly improve reuse of visualization techniques, on the one hand,
because code is encapsulated { hence only local modi�cation of the code are
necessary as well as learning of the classes provided by the platform's API
{ and, on the other hand, thanks to the mechanism of inheritance.

3.8 Bene�ts for advanced architectures

The visualization objects concept o�er new perspectives for collaborative
work and computational steering in scienti�c visualization. Indeed, the
three distinct abstraction levels (AVO, CVO, RVO) provided by the vi-
sualization concept make possible versatile con�gurations for a client-server
architecture. Of particular interest are the lightweight client/high perfor-
mance server architecture well-suited for remote visualization service and the
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n-tier client-server architecture for computational steering and collaborative
work. Both con�gurations will be described in the following sections.

3.8.1 Remote service for scienti�c visualization

Visualization of complex datasets requires high performance computing and,
in most cases, help from a visioneer. Because many researchers do not have
these resources at hand it could be useful that dedicated computing centers
o�er such a service.

Using the visualization objects concept, it is possible to imagine a client-
server architecture allowing remote visualization for the community of end-
users. This kind of service would use the performance of dedicated servers
required to o�er a large variety of classic visualization techniques. It would
also be possible to develop speci�c tools for users on demand and to integrate
these tools into customized libraries.

In this con�guration, it is assumed that the data to be visualized are
initially uploaded to the server. Based on a lightweight client software {
such as a Web browser, for instance { all computations in order to build the
RVOs are achieved by the server. From the client side, the technological
independence provided by the RVO abstraction makes possible an imple-
mentation on most platforms. Conceptually, the visualization clients can be
seen as a simple terminal able to display RVO and o�ering a suÆcient level
of interactivity to the users. Undoubtedly, it is technically feasible to imple-
ment such visualization terminals by means of the large variety of industry
standards such as OpenGL, OpenInventor, VRML, Java3D or Direct3D.

In the client-server architecture depicted in Figure 3.4, the main func-
tionalities that a RVO terminal has to provide are :

� the display of a collection of RVOs;

� a navigation interface and interactive tools for the selection of the
visualization objects;

� a way to update the parameters of the visualization objects; and

� a menu o�ering allowable actions on visualization objects such as cre-
ation, update, deletion, and so on.

The modus operandi is the following : 1) the client requests actions
on the visualization objects by transmitting their corresponding CVO {
containing the set of the instantiated parameters { to the server; 2) the
server builds the RVO according to the CVO and returns the RVO and its
corresponding CVO; 3) a collection of CVOs is stored both on the client
and the server so that the user is able to update the visualization objects
parameters.

This con�guration o�ers the following bene�ts:
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Figure 3.4: Client-server visualization with RVO terminal

� the client-server architecture can run accross a WAN (Internet) with
a reasonable network bandwidth (a few Mbits/s);

� neither particular application installation nor tedious con�guration on
the client is required (ideally an Internet browser and a Java virtual
machine would suÆce), and

� the computational power and data management can be distributed
transparently at the server side: for instance, the visualization can use
several dedicated data servers and/or the production of RVOs can be
achieved thanks to several visualization servers.

3.8.2 N-tier architecture

A recurring problem encountered in scienti�c visualization is to know where
the data produced by the simulation have to be stored and where compu-
tations have to be performed. In certain situations, it can be more eÆcient
to have the data located on the server, but in other ones it is necessary to
transfer the complete dataset to the client { essentially for quick data access
{ that can be long for large datasets due to the limited network bandwidth.

Thanks to the separation of the functional aspect and the graphical re-
sult provided by the visualization objects framework, several n-tier con�gu-
rations are allowed, depending on which tier is responsible for which kind of
visualization object. The nature of the information exchanged between the
tiers being of two kinds: either visualization objects or simulated or derived
data. In Figure 3.5, for instance, a con�guration with heavyweight clients
is depicted. The clients are responsible to build the RVO according to a
CVO and data, and the central server is responsible for data management
as well as the coordination of clients if required. This is typically the situa-
tion we have with a cluster of high performance graphical workstations and
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Figure 3.5: Client-server visualization with graphical workstations within a
LAN

a dedicated data server connected within a local area network.

Moreover, because the source of data and the region of interest on which
the visualization objects act are considered as CVO parameters, a set of
versatile and eÆcient solutions for data management are o�ered. Indeed,
�rst, the abstraction of the source of data allows for the setup of the datasets
virtually everywhere on the network. Second, the time and region of interest
parameters allow precise selection of a subset of the datasets. Thus the
volume of data that has to be transfered between the server and clients can
be minimized.

3.8.3 Towards collaborative work and computational steer-

ing

Collaborative work and computational steering are within scienti�c visual-
ization arguably the most exciting challenges that will be addressed in the
next decade.

Where collaborative work is concerned, the development of the Internet
has multiplied by hundred the bandwidth of most connections between re-
search centers all around the world. Internet backbones capable of a speed of
more than 20 Mbits/s are no longer rare. This allows visualization systems
for interdisciplinary teams { composed by specialists of several countries {
in which it will be possible to investigate global and complex phenomena as,
for instance, the in
uence of the oceans on the climate.

On the other hand, computational steering, de�ned [37] as \the capacity
to control the execution of long-running, resource-intensive programs", can
be considered as the ultimate goal of interactive computing. Implementa-
tion of a computational steering framework requires a successful integration
of many aspects of scienti�c visualization and numerical simulation. These
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aspects have to be e�ectively coordinated within an eÆcient computing en-
vironment.

We will not pretend here to solve either problem with a few paragraphs
because, as stated by Johnson and Parker [51], \the creation of such a [com-
putational steering] program is an extraordinary diÆcult task". And this is
even more true for collaborative environments.

However, for the following reasons, we are convinced that the visual-
ization object paradigm can o�er conceptual solutions when addressing the
problem of designing such complex visualization systems:

� Eight technologies have been identi�ed by Bajaj [5] as most critical for
a successful collaborative environment: 1) shared data management,
2) concurrency control, 3) distribution, 4) session control, 5) interac-
tion control, 6) coordination control, 7) multimedia and graphics and
8) user interfaces. Obviously, concurrency control, session control,
interaction control and coordination control require a set of atomic
operations on some kind of \entity". This \entity" role can certainly
be played by an extended version of the CVO encapsulating the addi-
tional information and parameters needed for these speci�c controls.

� The separation of the function achieved by the visualization object
concept { the de�nition of what and how it has to be computed {
from the result obtained { a graphical object and a set of properties {
can be useful for the distribution of either computations or data.

� The interaction model o�ered by the general framework we propose {
especially through direct manipulations of visualization objects { can
very likely be augmented without any conceptual contradiction with
the dedicated functionalities needed by a collaborative graphical user
interface such as shared and private views, access rights management
and sessions control. On the other hand, this framework does not
o�er any solution for the necessary multimedia { mainly phone and
videoconference { integration, but it is conceptually compatible with
this technology.

Let us conclude this chapter by trying to, �rst, sketch an n-tier ar-
chitecture based visualization system able to combine both computational
steering and collaborative work capabilities with the help of visualization
objects and, second, to imagine a typical simulation-visualization session.
As depicted in Figure 3.6, the proposed architecture would be composed of
four tiers :

1. numerical simulator

2. data server
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Figure 3.6: N-tier architecture for collaborative visualization

3. collaborative visualization server

4. visualization client

The visualization system is completely driven by the actions of several
users connected into the collaborative environment thanks to their own vi-
sualization client. All actions are performed interactively on visualization
objects that either represent the data or the simulation parameters as, for
instance, the wind direction and strength. Commands like start, stop, pause
or resume the simulation can be performed thanks to a speci�c command
panel. Other commands dedicated to collaborative work, such as open the

session, share a view, give access rights to a visualization object or close the
session are also accessible to users through another command panel.

The users select regions of interest as well as time steps and, as is the
case in the traditional non-collaborative framework, visualize the data by
creating, updating and deleting visualization objects. In this process, the
collaborative visualization server builds the visualization objects and is re-
sponsible for 1) control of concurrent access, 2) session control and 3) user
coordination.

Behind the scene, the data server acts as a proxy and is responsible for
the computation of derived data from raw data provided by the numerical
simulator. The abstraction level o�ered by the parametrization of the source
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of data, time and region of interest allows the data server to mix and match
data that are either computed on the 
y by the numerical simulator or pre-
computed and stored on disk. Moreover the data server is able to interpret
user commands and to control the execution of the numerical simulator by
forwarding the commands if the data are not accessible in its cache memory.



Chapter 4

A new kind of visualization

system

In Chapter 2 we saw why, in our �eld of interest, the adequate level for a
visualization system is not currently achieved. Special purpose appli-
cations are easy to use but not extensible, while modular visualization
environments and programming libraries require an important develop-
ment e�ort even for small customizations.

We got the conviction that it would be possible to de�ne a conceptual
framework for all visualization techniques that helps to build a visualization
environment satisfying both the requirements of ease-of-use and of extensi-
bility.

This chapter starts by examining the needs of users and visioneers in
more detail. It is of primary importance to understand the requirements
from the point of view of each participant, because each of them has very
speci�c needs.

One amongst the main advantages of the concept of visualization ob-
jects is the ability to build around it a visualization system having a classic
graphical user interface derived from desktop applications. This point will be
discussed in one of the following sections. We then consider more precisely
how the concept of visualization object naturally leads to a visualization
platform architecture which can be both extended and customized to the
actual needs of users.

Finally, we will investigate data management because this aspect has a
high impact on the performance of all visualization systems. We will pro-
pose an approach based on an interface to datasets rather than on datasets
formats, as is often the case in existing applications. Finally, we will discuss
the advantages and drawbacks of this approach.
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Figure 4.1: The missing layer

4.1 Bridging the gap

Figure 4.1 depicts a top-down view, from user's to visioneer's level, of the
software is currently available. In the lowest layer, we �nd libraries which
provide basic graphical functionalities, for instance line and triangle render-
ing. Rendering algorithms are usually implemented directly in the hardware
graphical chips. On top of them, more advanced libraries were designed to
enhance the productivity of developers thanks to the object-oriented tech-
nology. They o�er o�-the-shelf 3D graphical objects, like cube, cones and
sphere, as well as components to organize and manipulate them. Gener-
ally speaking, it can be stated that these two layers require the skill of a
visioneer, because programming is de�nitively not an easy task. Visioneers
needs these libraries to develop special purpose applications.

From the usage point of view, modular visualization environments are
layered on top of advanced graphical libraries, because, as we saw in the
previous chapter, they address the needs of advanced users and visioneers.
Finally, the special purpose application layer is, of course, dedicated both
to casual and advanced users, but this particular kind of software is not
extensible.

As suggested previously, our experience with di�erent users showed that
a layer is missing between special purpose applications and modular
environments. This layer could be provided with some kind of customiz-
able application which, from the user's point of view, looks like a special
purpose application but provides, from the visioneer's point of view, an ap-
plication programming interface (API) that is general enough to extend the
platform in a reusable way with new functionalities as well as dataset drivers.
In the remainder of this thesis we will refer to this kind of application as a
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platform and we will lay the foundations required to build it.

4.2 A better division of labor

Coming back to the three graphs of the Chapter 2 concerning the customiza-
tion e�ort, what we aim at is illustrated by the appended fourth graph (see
Fig. 4.2): in an initial phase, an ideal platform should allow the visioneer
to invest a reasonable e�ort to tailor a set of tools satisfying the needs of
a particular user. Later on, the visioneer should be needed only for speci�c
interventions, for instance to integrate an entirely new tool. In a certain
sense, such a platform is extensible, but minimizes the total development
e�ort through a maximum of reuse.

Figure 4.2: Division of labor

In such a situation, the roles of each participant in such an ideal visual-
ization platform can be clearly identi�ed and illustrated in Figure 4.3. The
task of the visioneer is to customize a set of visualization tools and datasets
drivers so that the user is able to analyze, all by himself, the data produced
by a numerical solver.

4.3 Requirements

Satisfying all visualization needs of users, even in a restricted �eld of in-
terest, with just one general environment is certainly an impossible task.
Because there are so many ways to map data into graphical information, no
environment is able to anticipate the needs of users. However, we think that
it is possible to build an environment covering a high percentage of the needs
by taking into account the major requirements of users and of visioneers.
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Figure 4.3: Roles of the actors

In this section we will rate the importance of the di�erent requirements and
identify the minimal set which an ideal environment has to satisfy.

4.3.1 User's needs

To be eÆcient, users need applications which are customized and easy to
use. More precisely, the requirements such a platform has to meet are the
following:

To o�er an easy-to-learn graphical user interface: The platformmust
provide an easy-to-learn graphical user interface having the look
and feel of desktop applications. It has to run in an environment the
users are familiar with, and it should be possible to exchange data
with common applications and to collaborate with other users.

To be extensible: It must be possible to extend the platform with the
most diverse visualization techniques.

To facilitate the exploration of data: Analysis and exploration are not
easy tasks and can in general be long and tedious because of the volume
of data. It is the reason why, ideally, the user has to feel comfortable
in the environment and use tools which make easy the detection of
particular or unexpected phenomena. Interactivity plays an important
role in this task and latency time caused by the data fetch or by the
computation time needed to produce the visualization itself have to
be avoided.

To accommodate adequate peripherals and collaborative work: It
must be based on standard peripherals, i.e. a mouse and a keyboard,
as the majority of users usually have no access to more sophisticated
hardware today, but it must be able to accommodate virtual reality
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peripherals and to be adapted to collaborative work in the future.
EÆcient environments have to integrate appropriate peripherals (many
of them still have to be discovered) dedicated to the manipulation of
objects living in three-dimensional space. For this reason, it is not
suÆcient to simply extend current two-dimensional graphical packages
to the third dimension.

To provide direct and indirect manipulations means: Users must be
able to manipulate directly (i.e. by point and click) and indirectly
(i.e. setting or updating properties in dialog boxes) the obtained rep-
resentations.

To manage time-dependent data: This requirement has to be addressed
conveniently by modern visualization environments. Routinely, nu-
merical solvers address time-dependent problems like unsteady 
ow
simulations. In order to solve physical equations numerically, time is
generally discretized and numerical solvers produce the results timestep
by timestep. The continuity of time can then be recreated using either:

� 
ipbook technique: images are displayed one after the other, as
in a cartoon;

� keyframe animation: a set of interpolated images is displayed
between two reference frames.

Not all visualization environments provide adequate tools to manage
the evolution in time of three-dimensional structures, like the move-
ment of an eddy, so that physical phenomena can be more easily
understood. Moreover, convenient means of presenting these time-
dependent three-dimensional results to a large audience, on the Inter-
net for instance, have still to be improved.

To handle a broad range of datasets formats types: The platform
must be able to handle a broad range of datasets types.

4.3.2 Visioneer's needs

From the point of view of a visioneer, it is of primary importance that
small customizations do not require a large development e�ort. This is very
important at the beginning of the investigations as a large e�ort has to be
invested to tailor a set of tools. But this should stay true when users ask
for limited re�nements or a new tool. To be productive, visioneers mainly
need:

a suÆcient level of abstraction: a suÆcient level of abstraction is de-
cisive to enhance reuse and customization of the visualization tech-
niques.
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a programming environment: by a programming environment, we mean
that an ideal platform has to provide a set of basic components, e.g.
a color map chooser, and facilities, e.g. selection mechanisms, which
are needed in every visualization problem.

4.4 An easy-to-learn interface

What makes the concept of visualization object interesting is the fact that
it naturally leads to a visualization platform which looks like a desktop
application. In such a platform, visualization objects are produced by tools
implementing the visualization techniques and which act directly on the
data. By easy-to-learn interface, we mean that it seems natural for a
user to undertake an action in order to get a result. The question of a user
becomes \What kind of e�ect will I get if I undertake this action?" instead
of \How can I customize the software in order to get such a result?".

Moreover, direct manipulation of visualization objects becomes possible
because the platform manages objects as entities and the display no longer
consists in producing a grid of pixels but in rendering a collection of individ-
ual objects. It can be stated that this concept provides similar advantages
to those provided by line art software, in opposition to software based on
\pure" bitmaps. It is well-known that with the second kind, tools work
directly at the pixel level and that, once a modi�cation is committed, it is
no more possible to modify directly the properties of a painted \object".

Thus, it follows from the abstraction that most metaphors of desktop
applications can be applied to visualization objects. Copy and move of
visualization objects can be provided to users through the classic copy, cut
and paste commands. Toolbars and properties sheets can o�er creation,
update of parameters, hiding and deletion mechanisms. Because the state
of visualization objects can be encapsulated, it is possible to implement undo
and redo capabilities as well as store and retrieve functionalities.

Of course, most of these features already exist in special purpose ap-
plications equipped with a reduced set of tools. But the point is that the
concept of visualization object is general enough to support also the ex-
tension of the platform with customized visualization techniques bene�ting
automatically from all these capabilities as we will see in the next section.

4.5 Customization and extension

The object-centric orientation of the concept of visualization objects makes
possible a quick and easy customization of a platform implementing it. The
main advantage resides in the fact that a set of general functionalities can be
provided at the platform level. They can be given through a general appli-
cation programming interface (API) and the visioneer is able to concentrate
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on the customization of the tools; hence they satisfy the actual needs of
users, whereas the platform does the rest. In this situation, reuse can be
greatly enhanced because tools can be designed to be as generic as possible.

Moreover the integration of a new tool is completely transparent for users
and the platform o�ers a uniform graphical user interface for all tools and
experiments.

4.6 On data management

The problem of data management is important for all types of visualization
system. Unfortunately, it is diÆcult to solve this problem in a 
exible,
general and eÆcient way.

Today, almost all visualization systems work in postprocessing mode
(see Fig. 4.4), i.e. the numerical solver produces and stores a huge vol-
ume of data that are analyzed afterwards with an ad hoc visualization
environment. This is mainly due to the fact that in general the computer
architecture needed for each task is dedicated. As the simulation process
is usually computationally intensive, it must be run on a number cruncher,
for instance on a parallel system. Data are then visualized on computers
equipped with hardware graphical accelerators. In this approach, data man-
agement is mostly thought of in terms of dataset formats, because data have
to be stored, and converters for each pair of solver/visualization software
must be developed.

Figure 4.4: Pure postprocessing

Throughout this thesis, we needed to care about data management, even
if it was not our primary concern, in order to be able to provide the users with
visualization systems. We spent much time writing drivers for standard or
proprietary datasets formats using reverse engineering and converting these
datasets from one format to the other. It is the reason why we early on
devised another approach consisting in de�ning an interface as a set of
methods of a data server rather than by data formats; this would make
the platform independent of the data source, which can then be implemented
as a set of �les or an area in shared memory, either local or remote. The
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solution of a standard interface rather than a data format is used success-
fully since many years in the �eld of database management, where SQL was
adopted as a standard. Assuming numerical solver vendors provide drivers
for their datasets that conform to the standard, visioneers could avoid time
consuming conversions and handle datasets more appropriately. Further-
more, this appears to be the best way to achieve a complete separation
between data access and visualization, with the possibility of installing the
numerical solver, the data server and the platform on di�erent machines (see
Fig. 4.5). This solution is often named the n-tier client/server architecture
and is widely used in large management software involving high volumes of
data.

Figure 4.5: N-tier client/server architecture

Unfortunately the situation is more complicated in scienti�c visualiza-
tion. The volume of data that has to be managed can reach many gigabytes
and the response time has a major impact on interactivity. Another prob-
lem stems from the fact that the data server has to supply the visualization
environment with interpolated or derived data: derived data are data pro-
duced by the evaluation of expressions based on raw data that are directly
produced by the numerical simulation program. A classic example is a vec-
tor �eld given as raw data from which the scalar �eld of its norm has to
be derived. As the complexity of the involved computation can be high, it
may be impossible to provide these derived data as quickly as is required by
the visualization. We think that these problems will have to be tackled in
the framework of the emerging distributed object-oriented databases [52, 19]
with powerful query languages.

Nevertheless the separation between data access and visualization has
several advantages:

� it becomes possible to simultaneously visualize data contained in sev-
eral datasets { in the case of interdisciplanary visualizations { or com-
ing from simulations using di�erent coordinate systems (e.g. meteoro-
logical and oceanographical simulations);
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� datasets can contain data about objects other than scalar or vector
�elds, e.g. the bathymetry in an oceanographic simulation;

� the visualization of virtually any kind of dataset format without the
need to convert every dataset to a given data format: the \only" thing
that is needed is a dataset driver compatible with the interface;

� the user can choose among di�erent drivers for the same dataset format
which for instance implement di�erent methods of data interpolation;

� it is possible to access huge datasets that do not entirely �t into mem-
ory;

� thus it even becomes possible to visualize data produced online by a
numerical solver, i.e. without storing the complete dataset, or to ac-
commodate future computational steering environments (see Fig. 4.6).

Figure 4.6: Computational steering

Certainly the major drawback of this general interface, is that the data
server has to answer queries expressed in physical coordinates rather than
in computational coordinates. In the case of simulations based on complex
grids, the coordinate transformation and data interpolation are computa-
tionally intensive and require powerful processors. This is a large penalty
when huge, unstructured and time-dependent datasets are involved; it ex-
plains partly why even a well-designed library like VTK [93] that o�ers an
abstract interface to datasets is still not widely used outside the academic
community.

However, it is assumed that the expected increase of the overall perfor-
mance of the hardware and the possibility to distribute computational power
over a network will soon enable an acceptable latency for the visualization
of datasets of a few gigabytes through an abstract interface.

For all these reasons, we are convinced that an extensible visualization
platform has to be based on an interface to datasets rather than on datasets
formats.





Chapter 5

ZoomIn

ZoomIn was built in order to demonstrate that it is technically feasible to
implement a visualization platform based on the concepts developed in this
thesis. In this chapter, an overview of the architecture of the platform will
be given and it will be shown how the problem of extensibility was solved
thanks to object-oriented technology.

First, we will sketch the graphical user interface of the platform and de-
scribe its main components. Then, the extension capabilities of ZoomIn re-
garding visualization objects and dataset drivers will be examined in detail.
This will be illustrated by means of a simple example in which a customized
glyph for the analysis of the shear stress in a 
uid is implemented. A short
discussion about the choice of the hardware architecture, the language and
the software libraries we used for the current implementation will follow, and
�nally, a short summary of the possible extensions of ZoomIn will conclude
the chapter.

5.1 Graphical user interface

For the reasons mentioned in Chapter 3, the graphical user interface (GUI) of
ZoomIn was designed so as to resemble those of classic desktop applications.
It is composed of four main windows (see Fig. 5.1):

1. The viewer is a window which allows for both interactive navigation in
3D space and selection of graphical objects with a mouse. This window
also contains the menu bar giving access to the main functionalities of
the platform.

2. The time control box allows for an interactive navigation through
time and provides 
ipbook animation facilities.

3. The properties sheet displays the properties of any selected visu-
alization object; users can change these values. The buttons in its
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Figure 5.1: Overview of the graphical user interface

bottom part are used to create, update, delete and hide visualization
objects.

4. The ROI selector is used to select the parameters of a region of
interest. These parameters can be introduced by hand, with sliders,
or interactively, by picking and dragging manipulators (see Fig. C.7)
inside the viewer.

Typically, the progress of a visualization session can be summarized as
follows:

1. The user creates a new visualization session with the classic File/New
menu and is asked for a few parameters (e.g. the minimum and maxi-
mum real world coordinates and the temporal parameters).

2. He attaches external datasets using the Datasets menu in order to
have access to the data.

3. He proceeds to the exploration of the data using the visualization
objects provided by the Tools menu. After selecting a tool, a region
of interest, and setting the properties, he invokes the creation of the
desired visualization object with the Create button located in the
properties sheet.
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4. By picking a visualization object, the user can apply di�erent actions
to it either with the corresponding button of the properties sheet, or
via the Edit menu:

� to update it by simply modifying the entries in the properties
sheet;

� to hide it;

� to delete it;

� to copy, cut and paste it into time and space, whereby all replica-
tions of a visualization object remain in relation with each other,
so that one can update (or delete) them all together;

� to undo and redo the last n operations.

5. After their investigations, the user can save the state of the session in
order to resume later on as well as print or output pictures, movies
and VRML scenes by selecting the corresponding command in the File
menu.

5.2 General architecture

Because of the technical requirements, implementing ZoomIn was not a sim-
ple task. Even for a prototype, the versatility we wanted for its components
forced us to use advanced programming techniques. Fortunately, object-
oriented technology helped us to achieve this goal. The analysis and design
capabilities of this technology made the de�nition of abstract interfaces,
mainly for visualization objects and datasets, relatively easy [88]. The gen-
eral problem could be decomposed in simpler ones while keeping the code
size small (about 25 thousands lines of code), the class number modest
(about 50 classes), and the development time short (2 man-years).

5.2.1 Subsystems

The kernel is composed of a set of �ve subsystems (see Fig. 5.2), each of them
being responsible for a speci�c task. They all collaborate tightly in most
processes, like, for instance, the creation and update of the visualization
objects. Their role will be described brie
y in the following sections.

5.2.2 Core application

Playing the role of controller of the other four subsystems, the core applica-
tion is also responsible for the graphical user interface (GUI). It relays the
users commands to subsystems by means of a command processor [36, 118]
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Figure 5.2: ZoomIn kernel

which maintains a stack of users actions. This technique has two advan-
tages: �rst, calls to object methods can be decoupled from the GUI, which
enhances the portability across di�erent GUI systems and lets one envisage
a three-tier client/server architecture. Second, this makes possible an imple-
mentation of undo and redo functionalities because a commands history is
maintained by the command processor.

The core application manages the state of a visualization session as if it
was a document. Thus, open and save mechanisms are provided by this sub-
system. Moreover, it maintains a clipboard allowing one to copy and paste
visualization objects used for the exploration of data during the session.

5.2.3 Scene controller

In order to allow for the visualization of time dependent simulations, the
platform maintains a scene for each time step a user wants to explore.
Concretely, a scene is a collection of CVOs. The scene controller can pro-
vide a simple 
ipbook animation while displaying the scenes one after the
other, thus recreating, arti�cially the dynamics. Picking and manipulating
visualization objects is achieved by this subsystem.

5.2.4 Selection assistant

The selection assistant keeps the information about selections and transmits
them on demand to the other subsystems. For instance, when a user selects a
visualization object, the scene controller automatically noti�es the selection
assistant that an object has been selected. Upon the creation and update
of visualization objects, this subsystem delivers the information about the
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region of interest, the time step and the visualization object which are cur-
rently selected.

5.2.5 VO administrator

The VO administrator is the principal subsystem of the platform because it
acts as a central repository for the visualization objects (AVOs, CVOs, and
RVOs) and manages their creation, update and deletion.

In this subsystem, the Exemplar instantiation mechanism [22] is imple-
mented so as to instantiate visualization objects whose class was unknown
at compilation time. This allows one to integrate completely new visual-
ization objects into the platform, which can therefore control them without
any need for recompilation. According to the exemplar technique, there is a
unique AVO instance for each visualization object class. This unique exem-
plar is instantiated when the user creates a visualization object for the �rst
time. A list of all exemplars is maintained by the VO administrator.

Each time a user invokes the creation of a visualization object, the fol-
lowing events happen:

1. an instance of a CVO parameterized by the time, ROI and properties
is created;

2. the CVO instance is passed to the AVO exemplar method which builds
and returns the RVO, and

3. the CVO and RVO are inserted into the scene corresponding to the
current time step.

Afterwards, if a user invokes the copy and paste commands on a selected
visualization object, it is cloned and a dependency link is maintained with
the original visualization object (see Fig. 5.3). It is therefore possible to
update one property of all dependent visualization objects with only one
command, and, according to the same principle, to delete them all simulta-
neously.

Moreover, because the construction of a RVO can be time consuming,
the VO administrator provides a late instantiation mechanism for the RVOs.
These are built only when a user asks for the display of the scene in which
they reside. Thus, a user does not have to wait for their creation when he
asks for a copy or update of them for several time steps.

5.2.6 Data server

As stated previously, solving the problem of data management is hard. For
the reasons invoked in Chapter 3, we decided to address it by de�ning ab-
stract objects and interfaces (see Fig. 5.4) responsible for the delivery of the
data:
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Figure 5.3: Dependencies between cloned VOs

� the dataset, whose role is to give access to scalar and vector �elds
and to the user-de�ned objects it contains;

� the �eld, which provides the raw data according to its type, i.e. a
scalar or vector quantity;

� user-de�ned objects providing information which cannot be consid-
ered as a scalar or a vector �elds as, for instance, geometrical infor-
mation like the body of a car in a crash test simulation.

These objects are controlled by the data server subsystem which is sub-
divided into a dataset manager and an expression evaluator. The dataset
manager is responsible for loading the datasets and acts as a central repos-
itory giving access to them. The expression evaluator combines raw data
with mathematical and logical operators into expressions. Expressions can
then be given as a source of data for a visualization object.

Datasets give access to the �elds and the user-de�ned objects they con-
tain. Due to the abstract interface, �elds and user-de�ned objects have to
answer queries expressed in physical coordinates. Thus, they are responsible
for coordinate transformation and data interpolation if these are necessary.
If no driver for a certain source of data is available, a visioneer can develop a
particular dataset driver and integrate it into the platform by implementing
some classes:

� the class of the new dataset by deriving it from the abstract dataset
class;

� classes for the �elds by deriving them from the abstract �eld class;

� classes for user-de�ned objects by deriving them from the abstract
user-de�ned object class.
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Figure 5.4: Class hierarchy for data management

As was the case for visualization objects, a mechanism allows for the
integration of new datasets without having to recompile the platform. This
mechanism was implemented within the data server.

5.3 Implementing the visualization objects

From the implementation point of view, the platform does in fact not know
what the objects it manipulates really are. Thanks to the conceptual frame-
work, an abstract interface was de�ned so that all visualization objects de-
rived from it can be manipulated blindly by the platform.

Thus ZoomIn can accommodate the large majority of the techniques
which are available in di�erent packages, be it isosurfaces or cutting planes [35],
particle traces [114, 54], textures [74], vortex extraction [6], glyphs or icons [81]
(see Fig. C.1{C.8).

5.3.1 Implementing a new visualization object

Any visualization object is implemented with the help of three classes:

1. the AVO abstract class from which all visualization objects classes
derive (in the sense of object-oriented programming);

2. the CVO class containing the time and ROI parameters as well as those
introduced via the properties sheet, for instance the data source; all
further commands, like copy and paste or delete, are applied to the
instances of this class;

3. the RVO class, which is responsible for the visual aspect of the vi-
sualization object; it builds and maintains the graphical primitives
composing it.
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In order to add a new visualization object to the platform, the visioneer
has in particular to take the following actions:

� to subclass a new AVO class from the abstract class AVO;

� to declare and to initialize the default properties of this new AVO
class;

� to implement a method which declares the set of the supported ROIs;

� to implement the method that builds the RVO according to the pa-
rameters contained in the CVO; and

� to compile the source code of the new AVO and to link it within the
library.

Inheriting from the AVO abstract class automatically provides { i.e.
without any additional development by the visioneer { the functionalities
o�ered by ZoomIn: the selection of region of interest, the modi�cation of
parameters using properties sheet, the creation-deletion and copy-cut-paste
mechanism, the undo-redo capabilities as well as the the storage and retrieval
of any visualization object. In order to simplify even more the implemen-
tation of a new visualization object class, a template �le is provided to the
visioneer.

A recent experiment proved that non-trivial visualization techniques (see
Fig. C.26{C.29) could be implemented rapidly { within 125 hours { by a
programmer who only knew about the API of ZoomIn [18]. Of particular
interest is the fact that, once the visualization techniques were integrated
into ZoomIn, users who did not write any line of code could use them very
easily and interactively (see Fig. C.9{C.25).

5.3.2 Regions of interest

The region of interest (ROI) is one of the main parameters involved in the
creation or update of almost any visualization object. It represents the
portion of the spatial domain the user wants to concentrate on. The platform
provides direct and indirect selection mechanisms. The direct selection
mechanism is available through manipulators controlled by classic devices
like a mouse or a space ball. In order to give precise values to distances
or positions, indirect means like dialog boxes or sliders are required. This
is particularly important as soon as the visual cluttering reaches a certain
level: direct means then lead to long and troublesome manipulations. There
are two types of ROI:

� the basic ROI: in the current implementation, it can be a point, a
line, a plane, a box, or a sphere;
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Figure 5.5: Hedgehog

� the GVO ROI: the geometrical shape of an existing CVO.

This de�nition uni�es representations as diverse as, for instance:

� a color map (see Fig. C.9) representing the temperature on a plane (a
basic ROI),

� a hedgehog (see Fig. 5.5) expressing the velocities on a temperature
isosurface (a GVO ROI),

� a glyph expressing a concentration evolution (see Fig. C.20) on a set
of points (a set of basic ROIs).

5.3.3 An example

It is not easy to �nd a striking visualization technique for the deformation
of an in�nitesimal volume of 
uid at a given place and to monitor this
deformation by the drag of the velocity �eld. The classical arrow plots
or a bunch of streamlines do not give, at any rate, a precise idea of the
local phenomena. For illustration purposes, we will develop a convenient
AVO which applies the data to a graphical object composed of two parts: a
reference cube of 
uid, which is discretized in several smaller cubes, before
and after the deformation. This AVO has the following parameters:

� the velocity vector �eld to be used;

� the duration of the e�ect of this velocity �eld;

� the color and the transparency factor for each of the two parts (to
allow for comparisons between them);

� the size and the subsampling.

The pseudocode in Figure 5.6 gives an idea of the modest programming
e�ort which is needed for the implementation. The visualization object
depicted in Figure C.8 shows an example of the obtained result.
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ziRVO*

ziStrainGlyph::makeRVO(ziCVO* cvo) {

ziPropertyList cvopl = cvo->getProperties();

float deltat = cvopl["Delta time"].getValue();

float refTransp = cvopl["Refcube transparency"].getValue();

...

ziROI* roi = cvo->getROI();

if(roi->getType() == ZI_ROI_POINT){

ziRVO *rvo = new ziRVO(cvo);

roi->getParameters(position);

SoSeparator *strain = new SoSeparator;

rvo->getRoot()->addChild(strain);

strain->addChild(refCube(size, position, refTransp));

strain->addChild(defCube(size, position, defTransp));

return rvo;

}

else

return NULL;

}

ziStrainGlyph::ziStrainGlyph(ziExemplar ex):ziAVO(ex){

_properties["Name"] =

ziProperty("Name", ZI_STRING, "StrainGlyph");

_properties["Delta time"] =

ziProperty("Delta time", ZI_FLOAT, "0.01");

_properties["Refcube transparency"] =

ziProperty("Refcube transparency", ZI_FLOAT, "0.0");

...

}

Figure 5.6: Implementing a new visualization object

5.4 Current state of implementation

ZoomIn is composed of a kernel and two shared libraries, one containing
the visualization objects and the other containing the datasets drivers (see
Fig. 5.7). Ful�lling the requirements imposed in this thesis, the platform
can be extended at will and customized by compiling a set of visualization
objects and linking them together into the shared library. It is possible to
build several dedicated libraries depending on the tools that are necessary in
a given application domain, for instance, one library for hydrogeology, and
another one for oceanography. The shared libraries are loaded at runtime
so that a fully customized application is provided to the user community.

Zoomin was developed in C++ under Unix. Generally speaking, the
choice of the language and libraries as well as the computer architecture is
always diÆcult. We decided to choose a Unix based Silicon Graphics work-
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Figure 5.7: Data 
ow

station because, at the time we began the project, this vendor o�ered the
best graphical performance of the market thanks to dedicated 3D hardware
accelerators and powerful graphical libraries. The ability to run the numer-
ical simulation on the same machine, thanks to the processor and internal
architecture eÆciency, was also an advantage.

For the development of ZoomIn we needed an object-oriented language
because of the advanced capabilities we intended to implement in the plat-
form; this holds in particular for the abstraction level required for the vi-
sualization objects. We wanted to use a widely supported object-oriented
language so that we had the choice between C++ and Java. At that time
however, Java was not mature and eÆcient enough, and had poor native 3D
graphical libraries. Moreover we were afraid of interfacing Java with exist-
ing C++ libraries or with VRML. With regard to the graphical library, we
hesitated for a long time between Open Inventor [119, 120], VTK [93], and
OpenGL [69]. Open Inventor was chosen for two reasons: �rst, it is object-
oriented { whereas OpenGL is not { saving us several thousands lines of
code, and, second, it is more eÆcient than VTK, which is an important
point to reach the level of interactivity users need.

Today the situation is di�erent because graphical hardware of personal
computers is competing with those of workstations due to the demand of
the industry and the development of games. Object-oriented technology
greatly helped us to keep the analysis and the design independent of the
language and speci�c libraries so that it was possible to port ZoomIn with
an e�ort of three man-months onto an Windows NT computer architecture
using OpenInventor [?].
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5.5 Further developments

Regarding the data management and the data
ow of ZoomIn, remaining
problem has to be solved. A visualization technique can generate data {
often related to the geometry of the graphical object produced { which have
to be visualized at its turn. This can happen, for instance, if a user wants
to reinject the numerical value of the volume delimited by an isosurface into
the data
ow in order to be able to visualize it with another tool. A possible
solution to this problem is to add a functionality to the data server: the
ability to directly create virtual datasets, �elds and user-de�ned objects from
the visualization objects. Moreover, the abstract interface as well as the data
server have to be augmented with functionalities dedicated to computational
steering. Although this naturally �ts into the concept of ZoomIn and seems
technically feasible due to the platform's architecture, it has not been done
in the current implementation.

Although the GVO ROI is a powerful abstraction allowing to combine
di�erent tools and to drastically enhance reuse, this mechanism is not yet
available in the current implementation because of the technical diÆculties it
implies. Indeed, either the GVO ROI has to be computed for each demand,
which leads to a heavy computation, or it has to be computed at the time
of the creation of the RVO { as well as each time the RVO is modi�ed { and
stored within each RVO, which has a high memory cost.

Finally, it could be interesting to adapt the user interface to virtual
reality equipments and to integrate functionalities allowing several users to
collaborate within the same visualization session. Further developments
in the �eld of computational steering can seriously be envisaged. Indeed,
we think that the concepts developed in this thesis are general enough to
support such extensions, and, thanks to the object-oriented concept, simplify
the combination of these complementary technologies.
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Two case studies

At the beginning of this work, we initiated a collaboration with the geological
Institute of the University of Neuchâtel. We were looking for representative
users in order to validate our concepts and to test the new visualization
platform ZoomIn. These researchers had advanced visualization needs but
they had neither enough human resources, nor the skill required to write a
customized application.

This collaboration was fruitful for both parts, beyond all expectations.
It greatly helped us to re�ne the concepts and to implement them into some-
thing usable. \Our" users could successfully carry out their investigations,
draw conclusions and illustrate publications with expressive pictures they
generated by themselves.

In this chapter, an overview of the work we achieved together with them
will be presented. We shall �rst expose the general context and these users'
initial requirements. Then, we shall show how their needs could be satis�ed
by applying the concepts developed in this study. The main visualization
results will be given in this chapter as well as a few problems encountered.
At the end the experience we gained and the feedback we had from our users
will be summarized.

6.1 Introduction

We started two collaborations because one group of geologists was interested
in oceanography and another one in hydrogeology. In order to develop and
validate their theories, both groups needed to visualize three-dimensional
time-dependent �eld measures as well as results produced by numerical sim-
ulations.

The Limnoceane Group [73] was interested in the dispersion and
the sedimentation of suspended particles in seas. They developed their
own hydrodynamic model called Prosper General Circulation Model
(PGCM) [123] based on a simpli�ed version of the Navier-Stokes equations

65
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using an hydrostatic approximation of the pressure and they implemented
a corresponding numerical solver.

When we �rst met, they did not have any three-dimensional interactive
visualization software to analyze their results. They only had a simple tool
allowing one to print bidimensional cuts and a home-made animation tool
for particles they developed by themselves using a two-dimensional graphical
package. They realized that it was cumbersome to analyze the results using
only static plots. For this reason, they were looking for an interactive three-
dimensional visualization system that would make it possible to discover
features which were not visible at all, or only with diÆculty, with two-
dimensional projections.

Our �rst approach was to use existing visualization software, such as
SciAn [80, 102] and Iris Explorer [96, 105]. Unfortunately, SciAn is not
extensible so that they were not able to analyze particle traces; on the other
hand, Iris Explorer was to complex for them to use so that they never
could master it and become autonomous.

The other group we collaborated with, the team of the Center of Hy-
drogeology (CHYN), was interested in the transport of colloids as poten-
tial carriers of contaminants in underground aquifers [40]. They bought a
commercial solver for computational 
uid dynamics and the visualization
tool Fieldview because the one provided with the solver was not powerful
enough.

Although there were some similarities between the problems the two
groups tried to solve, they fundamentally di�ered on the following charac-
teristics:

� Whereas the scale for oceanographers is the kilometer, it is the meter
for hydrogeologists. As the relevant physical laws are scale dependent,
the observed phenomena can be very di�erent.

� In the case of the hydrogeologic problem, the main concern is for the
steady state behavior whereas in the oceanographic problem, the phe-
nomena are essentially unsteady.

� The background and the methods of both communities are quite dif-
ferent.

Thus, the tools required for the visualization could not be the same.
The two following sections will explain in more detail how ZoomIn could
successfully be applied in both cases.
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6.2 Oceanography

6.2.1 Context

The Gulf of Lions is a wide bay of Mediterranean o� the coast of Southern
France, between Marseilles and Perpignan (see Fig. 6.1). For many years,
the Limnoceane Group has been involved in the European project Metro-
Med [34]. Metro-Med focusses on this area, because it is the place where
the Rhone river 
ows into the sea with its load of pollutants. Moreover the
continental shelf ends in this area and the shelf break is known to cause
special e�ects on the circulation of water.

Figure 6.1: Gulf of Lions

It is the reason why, after the validation of the PGCM on the Lake of
Neuchâtel [106], the Limnoceane Group parametrized it to study the Gulf
of Lions [107].

6.2.2 Simulation

In this case study, a reference simulation of the hydrodynamics under wind
forcing conditions is performed for a time period of eight days. This sim-
ulation, based on a 63 � 39 � 40 nodes regular grid, consists of 7,680 time
steps. It produces about 2 MB data per time step including the velocity,
temperature and salinity value at each node.

The simulation starts with an initial situation corresponding to the mean
monthly conditions. A wind forcing is applied for eight days. During the
�rst four days, a uniform wind is blowing from N-W (300o) with a constant
speed of 15 m/s. At the end of the fourth day, the wind stops until the end
of the simulation period.
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6.2.3 Visualization

In many oceanographic problems, circulation of water is of primary impor-
tance because it usually has a direct impact on other quantities of interest,
such as the salinity and the temperature, as well as on the dispersion, sedi-
mentation, and resuspension of organic and inorganic matter in the form of
particles. These particles move under the combined action of the advection
by the 
uid and of gravity. As these two forces may be of the same order of
magnitude, the oceanographers' interest focussed on the role of downwelling
and upwelling which accelerate, slow down, or even reverse the particles'
vertical movement.

Because these phenomena are tightly coupled, we developed and inte-
grated a variety of customized visualization techniques able to represent:

� the relations between temperature, salinity and velocity;

� the 
ow pattern, especially vortices and cells;

� the plume created by an input 
ow, in this case the Rhone.

As this study was the �rst real use of the platform, we had to implement
the following AVOs from scratch:

� the cutting plane and the isosurface used to visualize water tempera-
ture and salinity;

� simple 3D conical glyphs expressing the direction and the magnitude
of the velocity �eld; these glyphs are colored according to a scalar �eld,
like salinity or temperature;

� a simple AVO representing a particle as a small colored cube, the color
telling if the particle is sedimented or not;

� bathymetry with a transparency property; it is needed to provide a
spatial reference frame to users;

� the contour line, which is useful to study the evolution of temperature
and of salinity, as well as the behavior of the Rhone plume;

� the pathline;

� the particle tracer, to study the transport of particles.

Furthermore, three dataset drivers were implemented and added to the
dataset drivers library: the �rst one gives access to the scalar and vector
�elds and provides trilinear interpolation because the data are referred to
a rectilinear grid; the second one builds a bathymetry object from a two-
dimensional depth map, and the third one provides access to a set of particles
whose individual position is precomputed by the numerical solver.
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6.2.4 Water circulation

The �rst application of ZoomIn in this case was to examine the evolution of
the temperature and velocity through time.

When the wind blows, it causes a stress at the surface of the gulf. The
water is pushed o� the coast and, as the temperature of water is strati�ed,
this movement brings cold water from the depth to the surface. This well-
known phenomenon is called upwelling and is accompanied by a vertical
shift of the isotherms which sink within downwelling zones and rise within
upwellings. ZoomIn made possible a visual investigation of the up- and
downwellings through interactive cuts and thanks to its animation capabil-
ities (see Fig. C.9{C.12).

When the wind stops, inertial currents and internal waves appear due to
the redistribution of the water masses and Earth rotation. In this situation,
the users could observe one eddy in the south-western part of the Gulf (see
Fig. C.13{C.14). They could also investigate the in
uence of the topography
on the 
ow that exhibits important changes in the direction along the shelf
break at a depth of about 30 meters.

6.2.5 Particles

Up to this point, ZoomIn was used as a pure postprocessing visualization
tool. Velocity, temperature or salinity �elds were �rst computed by a numer-
ical solver and stored inside datasets. As seen previously, interactive tools
integrated into ZoomIn like, e.g. arrow glyphs and cutting planes, were used
to explore the vector and scalar �elds.

After these �rst investigations, the users wanted to trace di�erent classes
of particles within the 
ow. For a visualization system, this requirement is
harder to satisfy because it implies the visualization of data that have to be
derived from the velocity �eld without losing interactivity, as users want
to vary the particles' source and characteristics.

The classic method consists in computing, for a given source and settling
velocity, the trajectories of these particles in the numerical solver and then
visualizing the obtained results. However, this approach is not interactive,
because it is necessary to run the numerical solver each time the source or
one of the characteristics, such as the settling velocity, of the particles is
changed.

An alternative consists in storing the velocity �eld computed by the
solver and postprocessing it with another program, as was done with the
Limnoceane Particle Transport Model (LPTM) [103], in order to get the
advection of particles according to the velocity �eld and the varying charac-
teristics. But even this approach is neither interactive nor integrated because
it is still necessary to store the positions of particles for all time steps and to
combine three di�erent tools: the solver, the advection postprocessing and
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the visualization program.

The versatility of ZoomIn made it possible to integrate LPTM as a par-
ticular tool inside the visualization platform [92]. The source of particles
can be interactively given using the region of interest selector and the tra-
jectories are obtained by solving the following di�erential equation using a
fourth order Runge-Kutta [54] scheme applied to the ODE:

dp

dt
= v(p; t); (6.1)

where p is the particle's location and v its velocity (including the settling
velocity) at time t. The accuracy of the trajectory depends of course on the
time resolution which is used; it is therefore necessary to store the velocity
�eld produced by the solver at a convenient time rate.

In order to allow for a continuous release of particles, or to draw a
pathline rather then the successive positions of particles a few parameters
were added. The particles or segments of pathline can be colored according
to a given scalar �eld, for instance the temperature, and a user-de�ned color
map (see Fig. C.15{C.16).

Figure C.15 shows the trajectory of two particles released in the Rhone
outlet that were dragged by the 
ow during eight days. The user could
show that after the fourth day, when the wind is turned o�, the particles
sink according to the Eckmann spiral. This e�ect is due to the resultant of
the Coriolis and inertial forces. Figure C.16 shows a similar situation, but
in this case the particles have been interactively released from an imaginary
straight line along the coast.

6.3 Hydrogeology

6.3.1 Hydrogeologic problem to solve

In this study, hydrogeologists are interested in the behavior of karst aquifers.
These conduits may be imaged as a sequence of \storage" and connection
elements, with irregular shapes in which the 
ow, containing dissolved karst
particles, often changes from stagnant to fast (Fig. 6.2a).

A detailed study of the 
ow in di�erent pool con�gurations has been
undertaken [43] by using dye tracers that are injected into the 
ow. A
laboratory scale model of a pool was built and some �eld studies were un-
dertaken. To validate these experiments, the 
ow, as well as the tracer
transport, within the domain of interest is simulated with a computational

uid dynamics model [42].
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Figure 6.2: Conduits

6.3.2 Simulation

Typically, the 
ow in a conduit enlargement or pool is simulated with a 3D

ow solver based on a �nite volume method and a block structured grid with
a resolution of 80 � 75 � 4 nodes. The physical dimensions of the pool are
approximately 1 m � 1 m, with an entry and exit channel, each 1 m long
(see Fig. 6.2b). First, a steady state 
ow solution is computed. Then dye
tracer is injected during 2 seconds, and the transport is calculated with an
additional scalar transport equation on the velocities of the �rst solution.

The simulation covers 1000 seconds and is carried out with 10,000 time
steps of 0.1 second. The data of every 50th time step is stored onto the
solution �le, which comes up to a size of 60 MB.

6.3.3 Visualization

The users' requirements on the visualization of the results obtained with the
experiments and the simulation were the following:

� identi�cation of the general 
ow pattern;

� representation of time-dependent and spatial evolution of the
tracer;

� visualization of shear stress near the wall and 
oor of the pool;

� visualization of particles' sedimentation.

Selections of precise regions of interest and of several points of view were
strong requirements of the users because they wished to explore the data
interactively.

Since these users had a previous experience with a commercial solver,
they required the provision of a visualization system that could directly read
the dataset produced by the solver. Thus, they could avoid the repeated
and tedious data conversions they had to run each time they would like to
visualize new outputs. Thanks to the dataset abstract interface o�ered by
ZoomIn, we could �rst write a speci�c driver. Because the grid used for the
numerical simulation was a block structured grid, we had to write a speci�c
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interpolation module with help of the Visualization Toolkit library [93].
The dataset interface of ZoomIn allowing integration of driver without any
particular diÆculty and with a 1 man-week e�ort.

With regard to visualization, thanks to the design of the platform, most
of the AVOs developed for the previous case study could be reused and
extended:

� cutting plane and isosurface to express turbulence and to visualize the
propagation of the tracer;

� simple 3D conical glyphs expressing the direction and the magnitude
of the velocity �eld;

� contour lines;

� streamlines to make the detection of vortices easy.

For these tools, users had a speci�c requirement. They needed an inte-
gration routine for the contour lines tool which could compute the surface
comprised between each pair of neighbor isolines. A simple customization
of this AVO provided the functionality within a couple of hours.

Furthermore, in order to ful�ll their needs, we had to develop new AVOs
for this study:

� a glyph representing the evolution in time of the tracer by a graph at
the position of interest;

� a graph bar glyph to represent the quantities of several class of sedi-
mented particles;

� an AVO with a transparency property to visualize the geometry of
simple pools.

The development of these new tools required 1 man-week e�ort. This is
a short time if one takes into consideration that the provided visualization
system is intuitive, customized and fully interactive.

6.3.4 Major 
ow characteristics

The users' �rst objective was to recognize the general pattern (i.e. central

ow path and recirculation zones) of the 
ow solution obtained by sim-
ulation. To get a general overview, they created a cutting plane of the
speed distribution. They set the color scale between blue (0.0 m/s) and red
(0.08 m/s). Coarsely gridded velocity arrows were superposed to indicate
the global 
ow direction (Fig. C.17).

To recognize the shape and location of the principal eddy, they super-
posed a set of arrows, with the same length scaling but with a �ner sampling,
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in a region of interest covering the eddy (Fig. C.17). By means of the precise
region of interest selection, the users discovered a smaller eddy, turning in
the opposite sense, in the upper left corner of the pool. It was visualized
with a still �ner spacing of arrows. The users choose the arrow length scale
four times larger and the base diameter smaller because lower velocity was
prevailing here. The arrows in this region of interest were colored in red to
distinguish them from the other arrows with a di�erent scaling. Figure C.18
shows the small eddy in detail.

Vortices smaller than the computational grid size cannot be resolved,
but are however important for the turbulent dispersion of tracer. The tur-
bulent kinetic energy K is a measure for their intensity. Figure C.19 shows
a cutting plane at z = 0:02 colored with the turbulent kinetic energy. An
isosurface of K is superposed to emphasize the 3D structure of the zones
of high turbulence. One of them is situated between the in
ow jet and the
main eddy; this zone is where tracer will be dispersed to the stagnant zone.
In this picture some velocity arrows could be precisely added; they show the
main eddy to those observers who are less familiar with the phenomenon.

6.3.5 Tracer transport

In general an isosurface gives a good 3D impression of the tracer density.
However in the present problem, the turbulent eddy structure is mainly in
the horizontal plane. Therefore a cutting plane was chosen; not only does it
contains the essential information about the plume shape, but it also gives
more information about the distribution inside the plume than an isosurface.
Figure C.25 shows the tracer plume, thanks to a cutting plane and thanks
to an automatically adjusted color map, at times 5, 25, 60, 115, 235 and
300 seconds.

In addition to this, the users were interested in monitoring the concen-
tration as a function of time, C(x; t), for di�erent points x. An interactive
glyph probe that draws a graph of C(x0; t) for the desired location x0

and for a selected time interval, was developed (see Fig. C.20). The users
can put these glyphs on several locations on the background of the tracer
concentration cut. The scale of the glyphs is automatically adapted to the
minimal and maximal concentration in the considered time interval at the
reference position of the glyph.

6.4 Experience and users feedback

In both case studies, users highly appreciated that the tools could be cus-
tomized to their real needs and within a reasonable period of time. This
would be impossible with a special purpose application. Furthermore, through
direct manipulation of visualization objects, the intuitive and simple user
interface made them autonomous in their investigations. Precise selection
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of a region of interest helped them to explore the data eÆciently and to con-
trol the visual clutter. They liked the presentation facilities o�ered by the
platform, a feature often underestimated by visualization system designers.
Indeed, images, movies, videos and VRML scenes outputs are easily accessi-
ble through a popup menu and produce the adequate material they required
for the presentation of their results.

Although users were enthusiastic, we remarked that, at the beginning,
they hesitated to analyze their data with ZoomIn. The experience they
gained with some visualization systems led to a certain conservatism. But,
once all tools they needed were available, they understood the advantage of
the platform.

One diÆculty was to stay consistent with the general concept we had
de�ned, without taking shortcuts just to provide as quickly as possible the
required functionalities and customizations. Sometimes, we had to persuade
users to keep tools suÆciently general so that they can reuse them in fur-
ther studies. We were surprised to see how easy and fast it was to integrate
new visualization techniques and to reuse existing tools. If we had to reach
the same goal with libraries of modular visualization environments, it would
have taken us several months of development for each study and we would
obtain poorly reusable tools. We are convinced that, thanks to the visual-
ization objects abstraction and the design of the platform, an experienced
visioneer can customize a set of simple but not trivial tools in a few weeks.
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Conclusion

7.1 Summary

Existing visualization systems can roughly be classi�ed into three categories:
i) special purpose applications dedicated to particular domains, ii) modu-
lar visualization environments and iii) more general packages that require
programming. The major advantage of applications in the �rst category is
their speci�city whereas the strength of those in other two categories is their
generality. Experience has shown that, ideally, visualization systems have
to satisfy both requirements. Because the way phenomena are discovered
thanks to visualization is often unpredictable, systems have to be extended
with new or customized visualization techniques. And because users usually
want to concentrate on their main activity, systems have to be eÆcient and
easy to learn. Each requirement, taken individually, is commonly o�ered
in many visualization systems, but those that satisfy both requirements
simultaneously are rare.

7.2 Contribution

Our work had two goals: i) �nding concepts that abstract the visualization
techniques and users' actions, and ii) building around these concepts a vi-
sualization platform that could satisfy simultaneously both requirements of
ease-of-use and extensibility. The concept of visualization objects, i.e.
functions mapping the data onto graphical objects, which can be directly
manipulated by users, was de�ned. A usable prototype of a visualization
platform based on these objects, called ZoomIn, was implemented and some
experience was gained through case studies. Unfortunately, a quantitative
comparison of the solution we propose with existing ones is diÆcult because
most criteria are not easily measurable, and because, at the moment, we do
not have enough experience with users. Nevertheless, our approach ful�lls
most of the requirements we wanted to meet at the beginning of this work.

75
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For users, the major bene�t of the visualization object concept is to
provide uniform and intuitive tools, whose direct manipulation makes the
exploration of three-dimensional time-dependent data interactive. Indeed,
using ZoomIn, users immediately feel comfortable, can start working after
a few minutes of explanations and rapidly acquire a level of autonomy they
could not reach either with modular visualization environments or with li-
braries. Exploration is interactive and intuitive for two reasons. First, users
directly manipulate geometric objects representing the data. Second, the
ability to apply the function that is hidden behind a visualization tech-
niques, here and there with simple commands appears very natural to them.
They take actions and see instantaneously their e�ects on the visualization
objects.

Furthermore, they highly appreciate that visualization objects can be
customized to their real needs and can be fully integrated into the plat-
form without any modi�cation of the graphical user interface. This is a cru-
cial advantage over tools developed with libraries or modular visualization
environments that cannot be integrated easily into existing visualization sys-
tems, or require a speci�c graphical user interface. Moreover, because users
know that customization is possible and that it does not require too much
programming e�ort, they are encouraged to ask for non-trivial re�nements
of visualization techniques, or even better, to propose original tools.

For the programmer, the bene�ts of the visualization objects concept
mainly resides in the generalization of visualization techniques it of-
fers. Thus, a visualization platform integrating this concept is quickly ex-
tensible with new visualization tools and o�ers a good level of reusability.
The implementation of ZoomIn demonstrated that the development of such
a platform is technically feasible and actually shortens the development time
required to integrate a new visualization tool.

7.3 Perspectives

In order to conclude this thesis, we will try to give a few perspectives for the
future of scienti�c visualization. Trying to predict the future of a technol-
ogy is risky. Usually people who risk a prediction either overestimate short
term changes, because of the inertia induced by users' habits, or underesti-
mate long term improvements gained by innovation which are, by essence,
unpredictable. Everybody has in mind the unexpected explosion of the in-
formation technology caused by the arrival of the World Wide Web in 1994.
Such innovation had { and will have { a considerable impact on our life and
economy. Of course, improvements in the �eld of numerical simulation and
scienti�c visualization cannot have the same impact because this activity
is less fundamental than information exchange. In our opinion, scienti�c
visualization advances will be achieved, �rst, thanks to technical improve-
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ments and, second, indirectly, due to the needs of numerical simulation in
the industry.

As discussed in Chapter 2, technical improvements in hardware and soft-
ware as well as theoretical research to �nd better algorithms and to increase
software quality are still expected. Moreover, sophisticated virtual real-
ity peripherals will make interaction in space and time much more easier.
From the hardware side, the near horizon o�ers gigaherz CPU, terabyte
disks and memories as well as 10 gigabits per second networks. Within
the last ten years, the ratio price/performance has decreased at a mini-
mum by a factor 10. The performance of a CHF 200'000.- SGI engine in
1990 is now achieved by a CHF 20'000.- graphical workstation. Non-trivial
three-dimensional and time-dependent visualizations, which required high
performance workstations 5 years ago, are achieved today by means of a
highend laptop. And there is no reason to think that this will not continue.

Until now a large e�ort has been invested in numerical simulation in order
to, �rst, test and validate this technology, second, to optimize computations
of numerical simulator, and third, in order to compare the results obtained
with the reality. It can be stated that this research was successful in several
areas and that now it is interesting to address more complex problems and
to generalize the use to this technology. Obviously numerical simulations
will become more and more common in the industry for two reasons:

� time can be saved during the research and development cycles { a
rough simulation makes it possible to skip one cycle by early detection
of major problems;

� quality assurance is now becoming a strong requirement for industry
{ �ne simulations are able to detect hidden 
aws and long simulations
can anticipate material overwork.

But it is also clear that analyzing the time-dependent three-dimensional
volume data produced by numerical simulators is not trivial and very time
consuming, especially with rudimentary visualization tools. Today, it is
common that the users spend more days in analyzing data than the machine
needs for the computations. Thus, the use of numerical simulations by a
wide community will not be possible without an important investment in
the research and development of eÆcient visualization systems.

This also implies that software editors will begin to develop solutions
because of their interest in this new market. They will try to o�er solutions
for the great majority of customers. Thus scienti�c visualization will be
more and more spread o� the circuit of academic researchers. EÆciency,
versatility and ease-of-use will become major requirements for visualization
systems. Engineers will need platforms that minimize their development
e�ort { what could be achieved thanks to object-oriented dedicated com-
ponents usable from several applications { and the users will need eÆcient,
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easy-to-learn visualization systems that seem familiar for them and whose
usage is consistent with other applications.

Whatever visualization system will be used, a fundamental problem will
remain: the diÆculty of extracting non-trivial information using a 3D graph-
ical object { especially if the graphical object is not common and visualizes
high-dimensional information. Working with a complex visualization object,
for instance, with a sophisticated probe, and interpreting the data correctly
requires skill from users. In the future, it is doubtless that virtual reality
peripherals will improve this perception thanks to the feeling of immersion.
Nevertheless, adequate visualization techniques for many application do-
mains have still to be discovered. In this perspective, we think that ZoomIn
and the concept of visualization objects o�er an excellent environment for
rapid prototyping.

The role of scienti�c visualization is becoming more and more important
in many research and industrial activities. Successfully bringing visualiza-
tion systems onto the desk of a large community of users is a great chal-
lenge. We experienced that providing users with a profusion of dedicated
applications and with more powerful hardware is not suÆcient if they want
to solve their problems eÆciently. Scienti�c visualization is still a young
discipline and paradigms have to be found to minimize both users' and pro-
grammers' workload. The concepts developed in this thesis aim at making
a step towards an easy-to-learn and extensible platform that gives users the
autonomy they need without having to sacri�ce the versatility required in
essence by scienti�c visualization.
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Appendix A

Glossary of visualization

techniques

A.1 Visualization techniques

Scienti�c visualization has to satisfy the needs of a wide range of domains
of interest. Unfortunately, there is no universal visualization technique that
could be applied in every situation. Several speci�c visualization techniques
have been developed for years to ful�ll user needs. Most of them have been
re�ned or optimized, new ones appear every year, and others disappeared
because they were supplanted by more powerful ones. Among them, a few
emerged and became standard, e.g. cutting planes, isosurfaces or particle
traces. They seem familiar to both communities of users and visioneers.

Several approaches to visualize the data have been investigated. They
address the problems di�erently, are more or less appropriate for certain
kinds of application, and have their own speci�cities. Some techniques are
based on surface rendering and aim at representing 3D structures by drawing
their shape and rendering them with illumination models like Phong or
Gouraud shading [85, 33]. Others are based on direct volume rendering [4],
e.g. ray casting, and use 2D projection as well as transparency levels to
render the data without conversion to surface representation.

An overview of the main visualization techniques encountered in our
domain of interest follows. Each technique is illustrated with one or more
examples.

A.1.1 Scalar techniques

In science and engineering, three-dimensional scalar �elds are ubiquitous.
From oceanography to aeronautics, it is common to work with this kind of
�elds. Whether time-dependent or not, three-dimensional scalar �elds are
not trivial to analyze, and require adequate tools. To reach this goal, the

89
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following scalar visualization techniques were developed and optimized:

Cutting plane, volume slicing: This technique [35] consists in \restrict-
ing" a scalar �eld to a virtual plane parallel to one of the axes (or-
thogonal planes) or to any plane given e.g by one of its point and a
normal. These cuts are then colored accordingly to the scalar value
using a color map (see Fig. C.9, C.17, C.25).

Isoline: An isoline is the set of all points of a two-dimensional surface (usu-
ally a plane) having the same value. Often a set of isolines corre-
sponding to di�erent values are drawn so that it is possible to make
a comparison between them. Isolines are usually colored according to
the corresponding scalar value (see Fig. C.1, C.23, C.24).

Isosurface: The isosurface [58, 63] is the generalization of the isoline in
three-dimensional space. It is de�ned as the set of all points of the 3D
space having the same scalar value. This is one of the most common
visualization techniques used to visualize three-dimensional scalar data
sets (see Fig. C.6, C.19).

A.1.2 Vector techniques

Visualizing three-dimensional vector �elds is much more diÆcult than visu-
alizing scalar �elds. One of the main problems is to represent appropriately
the three (or more) components of the vector at a single point of the space.
The perspective projection onto the screen causes ambiguities and distor-
tions and it is diÆcult to interpret such images correctly.

In the problems we consider, the most common vector �eld is the velocity
of a 
uid. Users are interested in the general behavior of a 
uid or in
particular phenomena at locations where velocity vanishes, for instance near
a wall or inside a vortex. They need very speci�c visualization techniques
to be able to track these features.

Moreover vector �elds usually vary through time. In the terminology
of computational 
uid dynamics, a velocity �eld is called steady (time-
independent) or unsteady (time-dependent). Another point of interest is
to observe the change of state between laminar 
ow (the 
uid 
ows in layers
and all elements in a small neighborhood have about the same velocity) and
turbulent 
ow (velocities of neighboring elements can have large and random
variations). Vector �eld visualization techniques have to accommodate all
these cases and many e�orts have been invested to provide adequate tools:

Streamline: A streamline is a line for which a tangent in any point is par-
allel to the vector �eld. More formally, a streamline is calculated by
integrating the following equation:

dx

d�
= v(x; t) (A.1)
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where x is the position in space, v is a velocity �eld, and t the time.
The integration variable, � , is a pseudo-time variable because the ve-
locity �eld does not vary through time.

A bucket of streamlines is commonly used in steady 
ow analysis be-
cause it expresses the structure of the �eld, and allows for the detection
of vortices (see Fig. C.22). Streamribbons, streamtubes or stream sur-
faces [24, 114] are variations of this technique; they are obtained by
linking two or many streamlines side by side. Because the shape ob-
tained can be shaded, the perception of depth is improved and this
leads to an easier recognition of the three-dimensional structure of the

ow.

Particle path: The trajectory of a particle released into a 
uid is called a
particle path. In this case, particles are injected into a velocity �eld
and their behavior is simulated by taking into account gravity or an-
other force. In several research projects, e.g. oceanography, particles
of matter play an important role for the understanding of pollution or
sedimentation problems. (see Fig. C.15, C.16, C.23, C.24).

Pathline: The pathline is the \particle path" of a virtual and in�nitesimal
(mass less and electrically neutral) particle. This technique [54] is
commonly used to study the structure of a time-dependent 
ow (see
Fig. C.5). The pathline can be computed by integrating the equation

dx

dt
= v(x; t) (A.2)

where v is again the velocity �eld.

Streakline: A streakline is a line joining the positions, at a given instant,
of all particles that have been released previously from a speci�ed loca-
tion called the seed [53]. In hydrodynamics, streaklines are simulated
by releasing hydrogen bubbles rapidly from the seed. It is to be noted
that streamlines, pathlines and streaklines are one and the same in
steady 
ows.

Textures: Some original visualization techniques based on texture mapping
provide qualitative results (see Fig. C.3). De Leeuw and van Liere
de�ne them as follows [26]:

"A line integral convolution (LIC) is generated by convolu-
tion of an input texture with a one-dimensional �lter kernel.
The shape of the kernel is determined by the shape of the
streamline through the pixel. A pixel in the �nal texture is
determined by the weighted sum of a number of pixels along
a line in the input texture:
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Cout (i; j) =
X

p��

Cin(p)h(p)

where � is the set of pixels in the input texture used for
convolution, Cin(p) is the value of the input texture pixel at
grid cell p and h(p) is the convolution �lter.

A spot noise texture is generated by blending together a
large number of small intensity fucntions at random posi-
tions on a plane. The shape of the intensity functions is
deformed in relation to the vector �eld. Spot noise is de-
scribed by the following equation:

f(x) =
X

ai h(x� xi)

in which h(x) is called the spot function. It is an intensity
function which has non zero value only in the neighborhood
of the origin. ai is a random scaling factor with a zero mean
and xi is a random position."

These techniques are useful to compare synthetic pictures and pho-
tography [74] obtained in a wind tunnel in order to validate numerical
simulations and to detect vortices in aeronautics applications.

Vortex extraction: This technique is often based on isosurfaces of simple
or derived scalar �elds like the pressure or the magnitude of vorticity
(jr�v j). It is also possible to detect the vortex core by means of �elds
like the enstrophy (squared magnitude of vorticity), the curvature or
the helicity (the dot product of the normalized velocity and vorticity)
(see Fig. C.6). In some engineering discipline, like aeronautics or tur-
bomachinery, it is of primary importance to detect vortices, so that
several means to track and to visualize them automatically within a

ow have been developed [87, 6].

A.1.3 Other techniques

It is often necessary to visualize simultaneously data of very di�erent kinds.
For instance, it is generally not suÆcient to represent the shear stress, a ten-
sor �eld, inside an incompressible 
uid with scalar or vector visualization
techniques. Adequate techniques are required to visualize multivariate vari-
ables and to observe the relations between their components. Furthermore,
other techniques have to be developed in order to visualize objects, which
are in essence not de�ned by a �eld, for instance, objects advected within
a 
ow or the boundaries of a domain. The following examples illustrate
techniques which were developed to satisfy speci�c needs:
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Hyperstreamline: Hyperstreamlines (see Fig. C.2) are streamlines of the
�eld of the eigenvectors of a symmetric tensor. They are built as fol-
lows: a geometric primitive, for instance a circle, sweeps along one of
the eigenvector �elds while stretching in the transverse plane under the
combined action of the two other orthogonal eigenvector �elds. The
hyperstreamline is obtained by linking together the deformed primi-
tives along the trajectory and is color coded according to another scalar
variable, for instance the amplitude of the longitudinal eigenvalue [27].

Probe: Probing consists in the interactive displacement in space and time
of a virtual instrument whose shape, color or other properties express
the values it measures at its tip (see Fig. C.20). Interactive probes are
very useful for the exploration of datasets, especially when the user
does not know in advance, which is often the case, where or when
the phenomena will take place, and generally when he does not know
which kind of phenomena he will discover [25, 81].

Geometrical information: Visualizing geometrical information like a do-
main boundary or an obstacle put within a 
ow is of primary impor-
tance. This can be necessary in order to provide a reference frame in
the three-dimensional space (see Fig. C.5, C.22) or merely to represent
the value of a quantity, e.g. the pressure on the boundary surface of
an aircraft's wing.
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Appendix B

Sources

//

// Class name : ziAVO

// Name : Abstract Visualization Object

// Role : An abstract class from which to subclass any

// visualization object

// Class hierarchy : ziObject,ziSubject

// Description : The AVO abstract class from which all specific

// visualization objects classes derive

//

// Implementation details : This abstract class allows for the

// instantiation of an object of any derived class

// unknown at compile time.

//

// It is built on the exemplar pattern described in

// 'Advanced C++ : Programming styles and idioms'

// written by James. O. Coplien, Addison Wesley

//

// A static class member maintains a 'list' of

// exemplar instances (one for each derived class).

// When the make method of the unique abstract

// class exemplar is called (with the unique id of

// the required class as a parameter), the method

// 'make' of each exemplar contained in the list

// is invoked and it returns the object if the

// id's comparison has succeeded.

#ifndef _ziAVO_h

#define _ziAVO_h

#include "ziProperty.h"

#include "ziSubject.h"

#include "ziObject.h"

#include "ziTime.h"

#include "ziROI.h"

95
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#include "ziCVO.h"

#include "ziString.h"

#include "list.h"

class ziExemplar;

class ziCVO;

class ziRVO;

class ziGVO;

class ziROI;

class ziProperty;

class ziAVO;

typedef long ZI_AVO_CLASS_ID;

typedef long ZI_AVO_ID;

typedef list<ziAVO*> ziExemplarList;

const ZI_AVO_ID ZI_NO_AVO_ID = -1;

class ziAVO: public ziObject, public ziSubject{

protected:

static ziAVO *list;

ziAVO *next;

ZI_AVO_ID _id;

ziPropertyList _properties;

public:

ziAVO();

ziAVO(ziExemplar);

virtual ziAVO* make(ZI_AVO_CLASS_ID cid);

virtual void getSupportedROI(ziROITypeList &rtlist);

virtual ziRVO* makeRVO(ziCVO* cvo);

virtual ziGVO* getGVO(ziCVO* cvo);

virtual ~ziAVO();

virtual void update();

static ziPropertyList getClassPropertyList(ZI_AVO_CLASS_ID cid);

virtual ziPropertyList getClassPropertyList(ZI_AVO_CLASS_ID cid, bool &ok);

virtual ziPropertyList getInstancePropertyList() {return _properties;}

ZI_AVO_ID getId();

void setId(ZI_AVO_ID id);

virtual ZI_AVO_CLASS_ID getClassId();

static void getExemplarList(ziExemplarList& exemplars);

static void deleteExemplarList();

};

#endif // _ziAVO_h
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//

// Class name : ziCVO

// Name : Concrete Visualization Object

// Role : A class encapsulating the visualization

// objects parameters

// Class hierarchy : ziObject,ziObserver

#ifndef _ziCVO_h

#define _ziCVO_h

#include <iostream.h>

#include "ziTime.h"

#include "ziProperty.h"

#include "ziObject.h"

#include "ziObserver.h"

#include "map.h"

class ziAVO;

class ziRVO;

class ziGVO;

class ziROI;

class ziCVO;

typedef long ZI_CVO_ID;

const ZI_CVO_ID ZI_NO_CVO_ID = -1;

struct _ltCVOid {

bool operator()(ZI_CVO_ID id1,ZI_CVO_ID id2) const{

return id1<id2;

}

};

typedef map<ZI_CVO_ID, ziCVO*, _ltCVOid> ziCVOSet;

class ziCVO: public ziObject, public ziObserver{

// Serialization

friend istream& operator>>(istream&, ziCVO *&);

friend ostream& operator<<(ostream&, ziCVO *&);

protected:

ZI_CVO_ID _id;

bool _rvoIsBuilt;

ziRVO* _rvo;

ziAVO* _parent;

ziROI* _roi;

ziTimeStamp _time;

ziPropertyList _properties;

public:
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ziCVO(ziAVO* avo, ziROI* roi, const ziTimeStamp& time,

ziPropertyList pl, bool buildRVO=False);

ziCVO(const ziCVO& cvo);

ziCVO& operator=(const ziCVO& cvo);

void update(ZI_SUBJECT_MESSAGE message);

bool isRVOBuilt();

void buildRVO();

bool isValid();

static ZI_CVO_ID _counter;

ZI_CVO_ID getId();

ziPropertyList getProperties();

void setProperty(const ziProperty& property);

ziAVO* getAVO();

ziRVO* getRVO();

void setRVO(ziRVO* rvo);

ziGVO* getGVO();

void setROI(ziROI* roi);

ziROI* getROI();

void setTime(const ziTimeStamp& time);

ziTimeStamp getTime();

~ziCVO();

};

#endif // _ziCVO_h
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//

// Class name : ziRVO

// Name : Represented Visualization Object

// Role : A class encapsulating the graphical primitives of

// the visualization object

// Class hierarchy : ziObject

// Implementation details : In the current implementation it uses an

// SoSeparator node from the SGI's OpenInventor

// library

//

#ifndef _ziRVO_h

#define _ziRVO_h

#include "ziObject.h"

#include "map.h"

class SoSeparator;

class SoNode;

class ziString;

class ziCVO;

typedef long ZI_RVO_ID;

const ZI_RVO_ID ZI_NO_RVO_ID = -1;

class ziRVO : public ziObject{

public:

ziRVO(ziCVO* cvo);

~ziRVO();

SoSeparator* getRoot();

ziCVO* getCVO();

static ZI_RVO_ID _counter;

ZI_RVO_ID getId();

static ziRVO* getRVOById(ZI_RVO_ID id);

const char* getClassName();

private:

SoSeparator* _node;

ziCVO* _parent;

ZI_RVO_ID _id;

};

#endif // _ziRVO_h
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//

// Class name : ziDataset

// Name : Dataset

// Role : Provide an abstract interface to the datasets

// Class hierarchy : ziObject

// Implementation details : It is built from the exemplar design pattern

// described in

// 'Advanced C++ : Programming styles and idioms'

// written by James. O. Coplien, Addison Wesley

#ifndef _ziDataset_h

#define _ziDataset_h

#include <iostream.h>

#include "ziExemplar.h"

#include "ziObject.h"

#include "ziField.h"

#include "ziUDObject.h"

#include "ziTime.h"

#include "ziProperty.h"

#include "ziCVO.h"

typedef unsigned long ZI_DATASET_ID;

class ziExemplar;

class ziDataset: public ziObject{

// Serialization

friend istream& operator>>(istream&, ziDataset *&);

friend ostream& operator<<(ostream&, ziDataset *&);

protected:

static ziDataset *list;

ziDataset *next;

virtual void Read(istream& is){}

virtual void Write(ostream& os){}

virtual ZI_DATASET_ID GetId() {return 0;}

public:

ziDataset(){next=0;}

ziDataset(ziExemplar){next=list; list=this;}

virtual ziDataset* make(ZI_DATASET_ID id, ziPropertyList* pl);

virtual void set_sfield(int index){};

virtual void set_vfield(int index){};

virtual ziError setTime(const ziTimeStamp& time){return ZI_NO_ERROR;};
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virtual ziError loadTime(ziTimeStamp *time_table,int size){return ZI_NO_ERROR;};

virtual ziFieldList* getFields(){return NULL;};

virtual ziUDObjectList* getUDObjects(const ziTimeStamp& time){return NULL;};

virtual ziUDObject* getObject(ziCVO* cvo){return NULL;};

virtual void showProperties(){};

virtual void hideProperties(){};

virtual ziPropertyList* getProperties(){return NULL;};

virtual ~ziDataset(){}

// To free the list of exemplar (one exemplar for one concrete object class)

static void deleteExemplarList();

};

#endif // _ziDataset_h
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//

// Class name : ziField

// Name : Field

// Role : Provide an abstract interface to the fields of

// a dataset

// Class hierarchy : ziObject

#ifndef _ziField_h

#define _ziField_h

#include "ziObject.h"

#include "ziType.h"

#include "ziError.h"

#include "ziCoordinate.h"

#include "ziProperty.h"

#include "ziString.h"

#include "ziTime.h"

#include "iterator.h"

#include "map.h"

class ziField : public ziObject {

friend ostream& operator<<(ostream &os, const ziField& field);

public:

enum {ZI_NO_FLAG=0, ZI_WAIT=1, ZI_NO_WAIT=2};

enum {ZI_READY=0, ZI_NOT_READY=1};

virtual ziString getName();

virtual ziPropertyList* getProperties();

virtual ziType getType();

virtual ziStatus getScalarValues(ziCoordinate coordinates[],

ziScalar values[], ziError errors[],

int size,

ziFlag flag=ZI_WAIT);

virtual ziStatus getVectorValues(ziCoordinate coordinates[],

ziVector values[], ziError errors[],

int size,

ziFlag flag=ZI_WAIT);

virtual const char* getClassName(){return "ziField";}

~ziField();

protected:

ziField(const ziString& name, ziType type);

ziField();

ziString _name;

ziType _type;
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ziPropertyList _properties;

};

typedef map<ziString, ziField*, _ltstr> ziFieldList;

typedef ziFieldList::iterator ziFieldListIterator;

#endif // _ziField_h
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Appendix C

Figures

Most pictures presented in this appendix, as well as movies and VRML
scenes, are available on the Web site http://iiun.unine.ch/ZoomIn.

Figure C.1: Isolines on a cutting plane representing a snapshot in the evo-
lution of a tracer injected near the outlet of the Rhone in the Gulf of
Lions.

Figure C.2: Hyperstreamlines visualizing a stress tensor induced by two
compressive forces (original work by T. Delmarcelle and L. Hesselink [27]).

Figure C.3: Line integral convolution texture of the velocity �eld on di�er-
ent slices of the curvilinear grid from a hemisphere-cylinder (original
work by L. Hesselink and T. Loser).

Figure C.4: A probe showing the local 
ow �eld in detail, including the
velocity �eld and its gradient (original work by J. J. van Wijk, A. Hin,
W. de Leeuw and F. Post [114]).

Figure C.5: Pathlines around la Motte in the Lake of Neuchatel (Switzer-
land).

Figure C.6: Vortex extraction and tracking by means of isosurfaces of the
vorticity magnitude (original work by D. Silver and S. Xin Wang [81]).

Figure C.7: Selection of a parallelipipedic region of interest with an ad hoc
manipulator.

Figure C.8: Glyph representing the deformation of an in�nitesimal volume
of 
uid by the drag of the velocity �eld.

Figure C.9{C.12: Horizontal and transverse cutting planes representing
the temperature in the Gulf of Lions; the displayed phenomenon is
characteristic of an upwelling situation.

105
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Figure C.13: Arrows plot representing the velocity �eld at 30 m depth in
the Gulf of Lions.

Figure C.14: Zoom into the main eddy.

Figure C.15: Two particles coming from the Rhone outlet and sinking
according to an Eckmann spiral.

Figure C.16: Pathlines in the Gulf of Lions released interactively from an
imaginery straight line along the coast.

Figure C.17: Cutting plane representing the velocity magnitude and ar-
rows plot identifying the principal eddy during the simulation of the
water circulation in a pool of an underground aquifer.

Figure C.18: Zoom into the upperleft small eddy of the previous �gure
showing a vortex swirling in the opposite direction.

Figure C.19: Isosurface of the turbulent kinetic energy (in gray) visualiz-
ing the 3D structure of the zones of high turbulence.

Figure C.20: Concentration glyphs showing the evolution in time of a
tracer injected into the 
ow.

Figure C.22: Streamlines identifying two principal vortices with a di�erent
pool con�guration and 3D Manhattan graphs representing the depo-
sition of particulate matter on the 
oor.

Figure C.21: Zoom on the concentration glyphs.

Figure C.23: Top view of a comparison between a release of particles and
di�usive tracer at the outlet of the Rhone river.

Figure C.24: Side view of the same comparison.

Figure C.25: Evolution of a tracer injected into the 
ow.

Figure C.26{C.29: Four variations of texture based visualizations of a
magnetic dipole using line integral convolution (LIC).

Figure C.30: ZoomIn graphical user interface under SGI Irix. Application
to the �eld of oceanography.

Figure C.31: ZoomIn graphical user interface under Microsoft Windows
NT. Application to the �eld of medicine.



Fig. C.1: Isocontour Fig. C.2: Hyperstreamlines

Fig. C.3: LIC textures Fig. C.4: Iconic probe

Fig. C.5: Pathlines Fig. C.6: Vortex extraction

Fig. C.7: Manipulator Fig. C.8: Strain glyph



Fig. C.9: Cut after 25 hours Fig. C.10: Cut after 49 hours

Fig. C.11: Upwelling after 25 hours Fig. C.12: Upwelling after 49 hours

Fig. C.13: Circulation Fig. C.14: Zoom into the main eddy

Fig. C.15: Particle paths Fig. C.16: Particle paths



Fig. C.17: Speed and principal eddy Fig. C.18: Zoom into the small eddy

Fig. C.19: Turbulent kinetic energy Fig. C.20: Concentration glyphs

Fig. C.21: Concentration glyphs Fig. C.22: Streamlines and glyphs

Fig. C.23: Particles and isocontour Fig. C.24: Particles and isocontour
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Fig. C.26: Line Integral Convolution applied to a dipole

Fig. C.27: Line Integral Convolution applied to a curved patch



Fig. C.28: Enhanced Line Integral Convolution

Fig. C.29: Oriented Line Integral Convolution (OLIC)
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