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Abstract

In this work we investigate the correlation between the two disciplines CAGD
and Scientific Visualization. Both are correlated to Computer Graphics but be-
came disciplines of their own and therefore developed rather independently of
each other.

It is the task of this work to analyze the interapplicability of both disciplines
to each other, to find where ideas and methods of one discipline can be applied
to the other, and vice versa.

In the first part we analyze both disciplines concerning their histories, the
present data, and their pipelines. Doing so we obtain concrete expectations on
where exactly it makes sense to search for interapplications.

Based on these expectations, part two of this work systematically investi-
gates applications of CAGD ideas and methods in Scientific Visualization. Doing
so, we do not only collect and systematize existing approaches, we also develop
a number of new techniques.

Part three of this work deals with the application of of Scientific Visualization
in the design process of curves and surfaces. Here we also provide a number of
new approaches in addition to the systematization of the existing ones.
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Chapter 1

Introduction

Modern Computer Graphics shows more and more a trend of interdisciplinary
working methods. Today’s real-life problems are of such complexity that a spe-
cialist in one discipline cannot solve them alone. Instead, teams of experts have
to work on the problems. For example, modern approaches in Data Mining con-
tain approaches of Data bases, Scientific Visualization, Modeling/Simulation,
and Statistics. Also within the field of Computer Graphics the disciplines come
closer to each other to solve complex and general problems. This collaboration
with other disciplines can be fruitful for a particular discipline, because this way
a discipline is considered in the light of other disciplines, can contribute to other
disciplines, or can apply and improve their results.

In this context it may occasionally turn out that different disciplines have
worked on similar problems and found similar solutions independently of each
other. Moreover, the application of one discipline to another one might yield
significant new results there. Thus the investigation of correlations, dependen-
cies, and mutual influence between different disciplines is a promising approach
to develop them further.

It is the purpose of this work to investigate the correlations and mutual influence
of two disciplines which are related to Computer Graphics: CAGD (Computer
Aided Geometric Design) and Scientific Visualization. We want to investigate
where to apply the ideas and methods of one discipline to the other in order to
find improvements for both disciplines.

The main purpose of Scientific Visualization is to produce visual representa-
tions of large data sets. The task is to explore data and information in such a
way as to gain understanding and inside into the data. Modern data sources like
satellites or CT (Computer Tomography) devices produce daily a high amount
of data which has to be analyzed. In fact, data sets of the size of Gigabytes or
even Terabytes are nowadays common. To explore these large data sets, visual
analysis is a promising approach. The general reason for this is the fact that the
human eye is able to recognize a high amount information in a single moment.
Scientific Visualization tries to make use of this ability by providing appropriate
visual representations of the data and leaving the interpretations of the images
to the intelligence of a human being. This way Scientific Visualization appears
in a row with other data analysis tools which mostly come from the area of
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8 CHAPTER 1. INTRODUCTION

Figure 1.1: a) piecewise bicubic B-spline surface; b) visualizing one class of lines of
curvature using methods of flow visualization.

statistics. For complex problems a rather common approach is to combine a
number of analyzing tools. Since there are a lot of different kinds of data to
be visualized, and since there are a number of different goals and motivations
for applying visualization, a variety of approaches and techniques to Scientific
Visualization exist, and it is crucial to choose an appropriate one.

While Scientific Visualization is an approach to analyzing data, CAGD can
mainly be considered as an approach to creating data by design. Here the data
to be designed are curves and surfaces. Curves/surfaces and their properties
are well-known for a long time. It is the task of CAGD to find representations
of curves/surfaces which are useful for design purpose. These representations
should be

e intuitive. There should be an intuitive relation between the representation
and the curve/surface.

e simple. The designer should be confronted with as few degrees of freedom
as necessary to design the curve/surface.

o flexible. The designer should be able to design virtually every curve/
surface which he/she has in mind.

It turned out that the representations which fulfill this task best are rather
simple networks of control points which can interactively moved by the designer.
CAGD explores the theory behind these networks of control points and thus
makes designed curves/surfaces applicable to a variety of areas.

Since there are a variety of different motivations and tasks to design curves/
surfaces, there are a number of different curve/surface schemes in CAGD which
emphasize different aspects and properties of the curves/surfaces. Nevertheless,
most applications focus on a particular class of curves/ surfaces which have thus
become a quasi-standard: the class of Bézier- or B-spline curves/surfaces.

It is the purpose of this work to explore the correlations of both disciplines:
Scientific Visualization and CAGD. We want to investigate where ideas, meth-
ods and concepts of one discipline can be applied to the other, and vice versa.
Doing so we show that this approach gives new contributions to both disciplines.
To illustrate the main idea of this work, we consider two examples.

Figure 1.1a shows a piecewise bicubic B-spline surface, a standard surface
class in CAGD. To evaluate the quality of this designed surface, one way is
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Figure 1.2: a) piecewise triangular approximation of an isosurface of a trilinear volume
data set using Marching Cubes; b) computation of the exact isosurface as trimmed
piecewise rational cubic surface.

to consider the lines of curvature! on the surface. Although lines of curvature
on a surface give valuable information about the surface behavior, they cannot
be described in a closed form as families of parametric curves on the surfaces.
However, it can be shown that they can be interpreted as tangent curves of a
certain vector field on the surface. Hence a variety of techniques from Scientific
Visualization (in particular from flow visualization) exist and can be used to
visualized the lines of curvature for the CAGD process. Figure 1.1b shows an
example of applying a visualization technique? which makes the behavior of the
lines of curvature visible. This is an example of how to apply a technique from
Scientific Visualization to CAGD.

To show an example of applying CAGD methods to Scientific Visualization,
consider figure 1.2. Figure 1.2a shows a common approach for an isosurface ex-
traction in volume visualization®. If this approximation is too rough, the correct
isosurface can be described as trimmed piecewise rational cubic surface. Figure
1.2b illustrates this for the example in figure 1.2a. Hence, this is an example of
applying CAGD methods to improve the results of Scientific Visualization.

Nowadays both disciplines Scientific Visualization and CAGD are rather com-
plex and heterogeneous. In both disciplines a lot of different methods and ap-
proaches have been developed. Moreover, both disciplines have collaborations
with other disciplines in science and technology. Thus it cannot be the purpose
of this work to give a complete overview over the state of the art in both dis-
ciplines. Excellent surveys exist for both disciplines ([55], [95] for CAGD, [167]
for Scientific Visualization). Instead, this work only deals with those aspects of
both disciplines where a collaboration with the other discipline makes sense.

To be able to investigate the correlations between CAGD and Scientific Vi-
sualization in a systematic way, as a first step we have to choose the points of
potential correlations between the disciplines inside themselves. To do so, we
have to answer the following specific questions:

1Lines of curvature are surface curves which have the defining property of being tangential
with one of the principal directions of the surface in every point of the curve. They form two
families of surface curves which reflect geometric properties of the surface. See [55] for details.

2The visualization technique applied here is called Integrate & Draw and is explained in
section 4.3.3.2 of this work.

3Volume visualization is a part of Scientific Visualization, as we will see later in this work.
The technique to extract the triangular approximation of the isosurface is called Marching
Cubes ([130]) which is treated in section 3.5.2.2 of this work.



10 CHAPTER 1. INTRODUCTION

1. Which concepts and methods of CAGD are good candidates to be applied
in Scientific Visualization?

2. Which concepts and methods of Scientific Visualization can be applied to
CAGD?

To answer question 1, we see the following applications:

e Since the human eye reacts rather sensitively to slight perturbations of
curves or surfaces*, these are promising candidates to encode a high amount
of data. Scientific Visualization needs methods to encode large data sets
intuitively. Hence curves/surfaces are promising geometric objects to be
applied in Scientific Visualization.

e CAGD has gathered knowledge and experience about smooth interpola-
tion and approximation, especially for curves and surfaces. This way,
rather complicated interpolation conditions can be expressed in terms of
simple geometric correlations of control points. In Scientific Visualization
smooth interpolations and approximations which preserve certain proper-
ties play an important role. Hence we may use the knowledge of CAGD
about simple interpolation schemes to find simple and robust interpola-
tions in different parts of the visualization process.

e CAGD is basically concerned with designing data while it is the task of
Scientific Visualization to find appropriate visual representations of given
data sets. Although most of the data treated in Visualization comes from
measurement or simulation, data designed by methods similar to CAGD
are also of interest. Especially when this data has to be compared with
measured data, or if certain techniques in Scientific Visualization have to
be evaluated, the controlled design of input data — and thus the appli-
cation of ideas and concepts of CAGD — may be of interest for Scientific
Visualization.

To answer question 2, we see the following applications:

e At certain levels of the design process in CAGD, the designer has to deal
with rather large amounts of data. Based on this data the designer has to
make decisions concerning the further steps in the CAGD process. (For
example, the designer might have to choose some parameters or decide
if a complete redesign of parts of the curve/surface is necessary.) Hence
it might be worth trying to find a visualization of the present data and
current results of the design process in order to prepare and choose the
next design steps.

In order to investigate the applicability of CAGD methods in Scientific Visual-
ization and vice versa, the rest of this work is divided into three parts. Part one
analyzes CAGD and Scientific Visualization in the light of possible applications
to each other. This part consists of chapter 2. Based on the results of this
analysis, part two treats the applications of CAGD methods in Scientific Visu-
alization. This part consists of the chapters 3-6. Finally part three treats the

4This is a fact which can be confirmed by any owner of a car: he/she will detect a small
bump in the surface of a car immediately, even if it is a very small one!
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applications of Scientific Visualization in CAGD. This part consists of chapter 7 .

Exploring the interapplicability of CAGD and Scientific Visualization, this work
intends both to collect and systematize existing methods and to present new
approaches of applying one discipline to the other. Since it turned out that a
rather high number of interapplications already exists, this work has to incorpo-
rate two styles of presentation. The collection and systematization of existing
methods is done in a survey-like style where readers are referred to the original
papers for details. On the other hand, detailed descriptions are given for new
approaches which are suggested by the author, and some of which are previously
unpublished.
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CHAPTER 1.

INTRODUCTION



Chapter 2

Analysis and Comparison of
Visualization and CAGD

In recent years both Scientific Visualization and CAGD have become rather
complex and consist of a variety of different aspects and facets. In order to
apply one discipline to the other, this complexity of the disciplines has to be
reduced to those parts where an exchange and an application of the ideas of
one discipline to the other gives hope for fruitful results. In other words: we
have to analyze both disciplines concerning to their applicability to the other
discipline. Doing this we formulate expectations about where the applications
may succeed. These expectations yield the guide for the particular investigations
of the applicability of the two discipline to each other.

In order to analyze CAGD and Scientific Visualization, and their correlations
to each other, we compare both disciplines from three points of view. We com-
pare the data which is considered in both disciplines (section 2.1), we compare
the historical development of both disciplines (section 2.2), and we compare the
pipelines of both the Visualization and CAGD processes (section 2.3).

2.1 Data Comparison of Visualization and

CAGD

Scientific Visualization is concerned with a lot of different kinds of data. Hence
there are a large number of approaches to describing and classifying this data.
In CAGD, an explicit classification of the present data does not have the high
importance it does in Scientific Visualization. So we use the following strategy
in that section: among the existing approaches for a data description and clas-
sification in Scientific Visualization, we choose an appropriate one and try to
describe the data which is present in CAGD in terms of this data classification.

To describe the data in Scientific Visualization, a number of schemes exist
which emphasize different aspects of the data. Most of them agree in the as-
sumption that the data consists of a number of values which are measured in a
certain space. Hence the data in Scientific Visualization is mainly characterized
by describing and classifying the values and the space where the values were
obtained.

13
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[17] considers the data as m-dimensional data on a k-dimensional grid using
the notation LF,. This way k gives the dimensionality of the grid where the
data is measured while m counts the number of values which are measured
at a grid point. This approach to describing the data mainly focuses on an
exact description of the underlying grid but does not allow us to give a further
characterization of the present data types in a grid point.

In [210] a specification of scientific data is introduced which has been kept
as simple as possible while still describing the most important properties of the
data set. In fact, [210] only counts the dimensionality of the dimensions of the
observation space and the number of measured values in a point of this space.
This specification of scientific data was originally done to describe a particular
subclass of scientific data (called multiparameter data, see chapter 5), but its
ideas can generalized to describe general scientific data sets as well.

[70] introduces a data specification which focuses on an exhaustive and com-
plete description of the data. There too, the underlying space and the data at
the grid points of this space are specified, but a lot of additional and detailed
information about the data set is given as well. The result is a quite complete
and exact description of a data set. Unfortunately, the specification tends to
become too complex and cluttered.

The specification we want to use here for our purposes comes from [23] and
is a useful compromise between a compact and a complete description of the
data. [23] considers scientific data to be a map from a certain domain into a
certain range of values using the notation EE. Both the domain D and the
range of values R are then specified in detail. To describe D, [23] describes
the dimensionality and the regions of validity for a measured data point. Three
cases are distinguished: the data values are only valid at the observation points
(written EF), the data values are valid in certain areas around the observation
point (written E[Ifb]), or the domain is an enumerated set (written Eﬁl}). In
these notations, n describes the dimensionality of the domain.

To describe the range of values R, [23] distinguishes between the data types
point (P), scalar (S), vector (V), and tensor (T). Tt describes E2° '3 a data
set where 2 scalar values and a 3D vector are measured at the points of the
domain.

The description of [23] gives a compact description of both domain and range
of values. The main disadvantage is the fact that the structure and the con-
nectivity of the domain are not considered. Usually the data lies on a certain
grid in the domain. To take this into consideration, we give additional verbal
descriptions of the grid characteristics to the data specification of [23] when
necessary.

Since its very beginning, Scientific Visualization has focused on a number of
different data classes where the research and application of these data classes
became quite independent of each other. The most important data classes in
Scientific Visualization are:

e volume data: Eé] — (treated in chapter 3 of this work);

e 2D flow data: E[‘ﬁ — (treated in chapter 4);

e 3D flow data: E[‘?ﬁ — (treated in chapter 4);
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e multiparameter data: E™ with m > 2 — (treated in chapter 5);

e 2D scattered data: Eé] with no connectivity of the sample points in the
domain — (treated in section 6.1.1);

e 3D scattered data: E[};] with no connectivity of the sample points in the
domain — (treated in section 6.1.2);

e 3D second order tensor data: Eﬁg — (treated in section 6.2).

Although virtually all combinations of the specification of domain and range of
value are thinkable, the combinations collected above are the most relevant for
Scientific Visualization.

In order to compare the data of Scientific Visualization and CAGD, we now
try to insert the data which CAGD deals with into the data specification of
[23]. We obtain:

e 2D parametric curves: E[‘ﬁ The points of a 1-dimensional domain are
mapped to 2D vectors which are interpreted as locus vectors.

e 3D parametric curves: E[‘ﬁ The points of a 1-dimensional domain are
mapped to 3D locus vectors.

e Parametric surfaces: E[‘gﬁ The points of a 2-dimensional domain are
mapped to 3D locus vectors.

e Control polygons of 2D curves: EZ and Efl}. EF describes a set of points

in 2D where a linear connectivity is additionally assumed. Ef{gl} describes
the parameterization.

e Control polygons of 3D curves: Ef and Efls} EF describes a set of points
in 3D where a certain regular connectivity (linear, triangular, rectangular)
is additionally assumed. Eff} describes the parameterization for a rect-
angular control point scheme. (If the scheme of control points has a liner
connectivity, the parameterization is described by Efl}. For a triangular
connectivity of the control points, no parameterization may be necessary.)

Comparing this classification of CAGD data with the classification of the most
relevant data in Scientific Visualization collected above, we can see that the
CAGD data is not explicitly treated as a data class in Scientific Visualization.
This leads us to

Expectation 1 In CAGD there are currently only a few applications of Scien-
tific Visualization because the data which is dealt with in CAGD is not explicitly
considered by Scientific Visualization.

Comparing the data specifications of CAGD and Scientific Visualization again,
we can see that the data description of curves and surfaces come close to the data
description of flow data (at least closer than to the other Scientific Visualization
data classes mentioned above). For example, 3D flow data E[‘ﬁ and surface data

E[‘ﬁ only differ in one dimension of the domain. So we can formulate
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Expectation 2 Due to similarities of the treated data, most of the applications
of CAGD in Scientific Visualization can be expected in the visualization of flow
data.

2.2 History of Visualization and CAGD

In this section we want to analyze the correlation of CAGD and Scientific Vi-
sualization from a historical point of view. By analyzing and comparing both
disciplines we derive more expectations on where to apply one discipline to the
other. Section 2.2.1 outlines the history of Scientific Visualization, section 2.2.2
does so for CAGD. Section 2.2.3 compares the histories to give conclusions and
expectations on the goal of this work.

2.2.1 History of Scientific Visualization

Visualization is not a new issue. Instead, centuries ago people tried to find
appropriate visual representations of certain information. Euclid’s ” Elements”
([53]) uses drawings to represent and illustrate properties in geometry. In the
Middle Ages astronomical maps appeared which used arrow plots' to visual-
ize prevailing winds over the oceans. Height lines were used in topographical
maps in the 18" century. Early applications of isolines include representations
of magnetic declinations on the earth surface (Halley, 1701) or investigations
of temperature gradients on the northern hemisphere (von Humboldt, 1817).
Other developments of early visualization approaches were motivated by the
arts. Artists (especially painters) were always interested in finding appropriate
visual representations of certain ideas or information. Already in 1637 Descartes
formulated ([33]): ” Imagination or visualization, and in particular the use of di-
agrams, has a crucial part to play in scientific investigations’. This statement
holds until today.

With the development of computer technology in the last century, visual-
ization was confronted with new challenges and new possibilities which shifted
visualization into a completely new quality. On the one hand the presence
of computers caused a rapid growing of the data to be processed, making it
impossible to find visual representations ”by hand”. On the other hand, the de-
velopment of computers (and especially Computer Graphics) gave opportunities
to create visual representations of larger data sets automatically by the com-
puter. Hence early developments in visualization using computers were strongly
connected to the development of Computer Graphics.

The time of birth of Scientific Visualization as a discipline of its own can
be seen in 1987. In [35] the term ”Visualization in Scientific Computing”, now
generally shortened to ”Scientific Visualization”, appeared for the first time.
The developments of the following years were characterized by ”the creation of
an industry concerned with advanced scientific workstation hardware, software
and networking. Conferences, journals, trade shows, videotapes, books, CD
ROMs and networked communication to online digital libraries now abound,
and indicate a healthy, growing research, development and technology-transfer
environment” ([45]). In these times most of the algorithms and approaches were

1 Arrow plots are still a frequently applied standard technique for flow visualization - see
[167].
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developed which became standard algorithms for the visualization of particular
data classes. Examples are the Marching Cubes algorithm ([130]) for volume
data in 1987, parallel coordinates ([100]) for multiparameter data, in 1987 as
well, and Line Integral Convolution ([26]) for flow data in 19932.

Since 1990, the annual IEEE Visualization Conference has been held, which
has managed to be the currently most important conference on Scientific Visual-
ization. In Europe, the annual Eurographics Workshop on Scientific Visualiza-
tion has been established since 1990. A variety of other journals, conferences,
and workshops exist as well. Since 1987, a number of surveys and introduc-
tions to Scientific Visualization have been published. Most of them focus on
the application of Visualization to particular data classes (for instance [210] for
multiparameter data, [107] for volume data, or [152] for flow data). The reasons
for this may be twofold:

e The different data classes in Scientific Visualization require quite a differ-
ent treatment. In fact, inside the discipline ”Scientific Visualization” the
developments for the different data classes are rather independent of each
other.

e A new discipline needs some years to gather the most important ap-
proaches, to find agreements in the community about important concepts
and classifications. The discipline needs to collect material to be system-
atized. Only once this is done, do surveys or textbooks about the whole
discipline have the chance to be widely accepted.

However, the first textbook about the whole discipline of Scientific Visualization
seems to be [167] which appeared 13 years after Scientific Visualization was born
as a discipline of its own. It gives a broad introduction into into all relevant
aspects and data classes of visualization.

In recent years Scientific Visualization focuses on the application on very
large data sets as well as on the steering and controlling of the visualization
process. To do so, quality criteria® of a visualization technique have to be
introduced and the particular visualization techniques have to be evaluated
according to these criteria. The results are rule-based visualization systems
which not only enable the scientist to visualize large data sets but also help
him/her to produce appropriate and high quality visualizations.

Another trend of recent Scientific Visualization is the connection with other
research areas. Already [35] formulated: ”Visualization and Science go hand in
hand as partners”. For instance, the results of the visualization may be used to
directly control the parameters of the modeling and simulation process which
produced the data. This visualization scenario (already introduced under the
name ”interactive steering” in [85]) requires a level of computing power which is
still too high for today’s computing resources. Instead a focusing on particular
issues has to been done ([120], [200]).

One particular approach of connecting Scientific Visualization with another
discipline is treated in the work - the connection with CAGD.

2All these techniques are treated in detail later in this work.
3[167] introduces and explains the quality criteria expressivity, effectiveness, and suitability.
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2.2.2 History of CAGD

Similar to Scientific Visualization, the roots of CAGD go back to Euclid and
Descartes. Most of the bases of CAGD came from differential geometry and
approximation theory. In fact, curves and surfaces have been a well-researched
issue for a long time. With the appearance of computers, ”only” their applica-
bility to the design had to be discovered.

In the 50’s computers were used to drive numerical controlled milling ma-
chines in automotive and aircraft industry. Also in shipbuilding people got
interested in finding curve/surface schemes for the design. For this, a number
of schemes have been tried.

In 1959 and 1963, de Casteljau ([40], [41]) and Bézier developed indepen-
dently of each other the concept of Bézier curves and surfaces (which is strongly
related to the de Casteljau algorithm). This scheme might be the most impor-
tant development of the whole discipline. Nowadays the overwhelming majority
of applications in CAGD are based on these concepts. Another approach that
gained a rather high popularity were Coons patches ([34]) and Gordon surfaces.

B-spline curves and surfaces were introduced as design tools by de Boor
([39]) and Cox ([36]). Their extension to NURBS (non-uniform rational B-
splines) builds nowadays the quasi-standard for free-form curves and surfaces.
Apart of this, a variety of other spline curve schemes have been tried which were
mainly motivated by approximation-theoretical approaches, i.e. they were the
solutions of certain minimization problems.

The year 1974 can be considered to be the date of birth of CAGD as a
discipline of its own. In a conference at the University of Utah the concept
"CAGD” was used for the first time ([10]). In the following years the classic
concepts of CAGD were applied in a variety of areas, such as CAD, geoscience,
molecule design, pharmacy, architecture or simple word-processing. Of course,
car and aircraft design was still a main application area of CAGD.

The first textbooks which cover the most relevant issues of the whole disci-
pline appeared in 1988 ([55]) and 1989 ([95]), hence 14 and 15 years after CAGD
was considered as a discipline of its own. Both textbooks have been updated
and still set the standard in CAGD textbooks. Other textbooks which focus
on certain aspects of CAGD are [150], [54], [158], [56] and [1] . A variety of
conferences was held on CAGD. CAGD has its own journal at Elsevier.

In recent years CAGD has sought new application areas in science and indus-
try. In addition, research into a number of unsolved problems is being carried
out. Current research in CAGD includes the investigation of new curve/surface
classes with special properties as well as research on still unsolved theoretical
problems.

2.2.3 Historical comparison

Comparing the historical development of CAGD and Scientific Visualization,
we can find a number of similarities:

e Both disciplines have roots which go back centuries; their development
was mainly driven by the challenges of applying these roots to computer
technology.
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e The development of both disciplines is highly correlated to the develop-
ment of Computer Graphics. In fact, in their early stages both disciplines
were treated as parts of Computer Graphics before becoming disciplines
of their own.

e In both disciplines the development of the most important algorithms
was done quite soon after their "time of birth”. On the other hand, in
both disciplines it took more than 10 years until the first comprehensive
textbooks appeared.

e Both disciplines are currently in a stage of systematization, search for new
applications and for connections with other disciplines.

These points mentioned above give some of the motivations for the research
described in this work.

However, the historical development of CAGD and Scientific Visualization also
has a significant difference:

e CAGD is the older discipline. It was founded more than 10 years be-
fore Scientific Visualization. When Visualization started its fast-growing
developments in the 80’s, most of the relevant concepts and methods of
CAGD were already present and could be included. Reversely, most of
the CAGD algorithms had to be developed without the tools of Scientific
Visualization in mind.

The reason for this difference might be the fact that Scientific Visualization in
general makes higher demands on the resources of a computer. In fact, many
of the classical CAGD algorithms work on rather slow computers while visu-
alization problems deal with large data sets and thus need high-end machines.
Hence the development of Visualization had to wait until computers reached a
suitable level of power.

From the historical difference between CAGD and Visualization we can obtain
the following

Expectation 3 Since CAGD was already well-researched when Scientific Vi-
sualization came up, we can expect a broad application of CAGD methods in
Visualization. Also new applications of CAGD in Visualization can be expected.

Considering the application of Visualization in CAGD, we get the following

Expectation 4 Since most of the relevant CAGD algorithms were developed in
a time when Scientific Visualization was not present yet, we expect only a small
number of applications of Scientific Visualization in CAGD. On the other hand,
this gives the chance that a redevelopment of classical CAGD problems with
Visualization in mind may give improvements of the classical CAGD algorithms.

2.3 Pipelines in Visualization and CAGD

In Computer Graphics it is a common approach to describe the processes in
terms of pipelines. This way a systematic treatment of the data and processes
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Figure 2.1: The visualization pipeline.

is possible (despite the fact that there are some applications which only run
outside the pipelining concepts). Hence pipelines can be considered as a tool
which gives a unified approach to most of the data and processes. Examples
of pipelines in classical Computer Graphics are the rendering pipeline and the
viewing pipeline ([59], [50], [51]).

Since both CAGD and Scientific Visualization have strong correlations to
Computer Graphics, a logical question is to ask for their pipelines. We do
so in the following sections 2.3.1 and 2.3.2. Section 2.3.3 summarizes which
conclusions for the task of this work can be taken from the treatment of the
pipelines.

2.3.1 The visualization pipeline

The visualization pipeline is a concept for a unified approach to Scientific Vi-
sualization which is widely accepted in the visualization community. Although
there are argues about details of it, there is an agreement about the general
structure of the visualization pipeline.

Figure 2.1 shows the visualization pipeline we want to use here. This pipeline
is similar to the commonly accepted pipelines in [78] and [167]. The first step
of the visualization pipeline, data acquisition, can also be considered as a pre-
step of the pipeline. There is a variety of possibilities where the data to be
visualized comes from. The data may be obtained by measurement or observa-
tion. Examples of this is data which was sent from satellites, or medical data
from CT (Computer Tomography) devices. On the other hand, the data can be
obtained by modeling and simulating certain processes. Examples of this are
climate simulation models. However, for the following steps in the visualization
pipeline it does not matter where the data to be visualized comes from. What
matters is the fact that the data sets are usually rather large. For smaller data
sets a visual analysis might not be necessary at all.
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The result of the data acquisition step is raw data which goes into the next step
of the visualization pipeline: the filtering step. It is the purpose of this step
to modify the data to prepare it for the next steps. The filtering step might
contain operations for data completion, data reduction, filtering, smoothing or
extracting metadata out of the raw data. Data completion may be applied for
incomplete data (i.e. if the data values are not available for all grid points). To
do so, simple interpolations (nearest neighbor, (bi/tri)linear) may be applied.
Since in this step only values for particular grid points have to be found, more
involved interpolation schemes which consider a certain smoothness of the data
are usually not necessary here.

Data reduction is necessary if the data set is either too large to be processed
by the visualization system, or if the data set contains strong redundancies.
This reduction may be done interactively by applying selection or projection
algorithms, or it may be done (semi)automatically by applying statistical ap-
proaches to detect redundancies and areas of high information.

Filtering and smoothing operations may be applied to the raw data in order
to remove the noise which comes from measuring the data. To do so, operations
such as Gaussian filters or Laplacian smoothing may be applied.

Metadata collects information about the current data set. It may contain
quantitative and qualitative statements about the data. This data may be used
to steer and control the following steps of the visualization pipeline.

After applying the filtering step to the data, the filtered data goes to the map-
ping step of the visualization pipeline. This step is actually the core of the
visualization pipeline. The filtered data has to be mapped to geometric primi-
tives and their drawing attributes. Since a variety of primitives is possible, care
has to be taken to choose them in such a way that the information in the filtered
data is represented in an appropriate way.

In the rendering step of the visualization pipeline, the geometric primitives
have to be mapped onto the 2D screen. This issue is not a specific problem in
visualization. Instead, standard approaches of Computer Graphics ([59]) can
be applied here. The resulting image / sequence of images can now be visually
analyzed by the scientist.

As we can see in figure 2.1, the visualization pipeline is an iterative process.
Analyzing the resulting images, the scientist may decide to go back in the visu-
alization pipeline and change parameters in one of the upper steps. This way
the new visualization may give better results to the scientist who can repeat
these iterative steps as often as necessary. Of course, iterations to higher levels
are possible at virtually every step of the visualization pipeline.

The visualization pipeline in figure 2.1 serves as a model for general scien-
tific data. For particular data classes, special pipelines have been introduced
(see chapters 3-5). These pipelines differ in certain details but have a globally
similar structure to the general pipeline of figure 2.1.

Considering the amount of data which is present in the visualization pipeline,
we can make the following statement: the further the visualization pipeline is
processed, the less data is present. This is justified by the fact that the original
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Figure 2.2: The CAGD pipeline.

large amount of raw data has to be decreased as much as necessary to place
it onto the screen. Of course, this global statement is only a trend and has
exceptions. For instance a data completion in the filtering step may increase
the amount of data temporarily.

2.3.2 The CAGD pipeline

Since CAGD has some of its foundations in Computer Graphics, it is a rather
natural step to bring the processes which belong to CAGD into a pipeline.
Modern CAGD consists of a variety of problems, approaches, processes, and
open questions; the ordering of them in a pipeline seems to be useful but not
done yet. It is the purpose of this section to introduce a pipeline where we
insert the most relevant processes of CAGD in a systematic way. We are aware
that not all CAGD processes can be included in such a pipeline, but this is a
problem of other pipelines as well.

There is another reason to try to put the CAGD process into a pipeline: it
makes CAGD comparable to the visualization pipeline. Hence, from comparing
the CAGD pipeline and the visualization pipeline we might derive more expec-
tations on how to apply visualization to CAGD, and vice versa.

Figure 2.2 shows the CAGD pipeline we want to consider here. The pipeline
starts with some input data. This input data may be rather vague and not



2.3. PIPELINES IN VISUALIZATION AND CAGD 23

formalized. The designer may have an idea of the curve/surface to be designed
in mind, or he/she may have a rough hand drawing of the desired shape. The
input data may also be a set of measured points to be interpolated or approxi-
mated later.

In the next step of the CAGD pipeline, the designer has to specify the task of the
curve/surface to be designed. So he/she has to determine if the curve/surface
should interpolate or approximate the input data, or to fit certain points/curves
of the input data. It might also happen that — if no data points came as input
data — no particular task of the resulting curve/surface has to be specified.

In the next step the designer has to select the curve/surface type to be used.
He/she can choose between Bézier curves/surfaces, Bézier-spline curves/sur-
faces, B-spline curves/surfaces, Coons patches, or other curve and surface
schemes. It has also to be decided if, for a polynomial curve/surface, a ra-
tional or non-rational version is used. In the surface case, it has also to be
decided if triangular or tensorproduct surfaces are used. For special input data
and special tasks, surfaces of general topology (n-sided patches) or other surface
concepts like Gregory patches ([71]) may also be considered.

Obviously, the decision for an appropriate curve/surface type is crucial for
the success of the design process, but it is not trivial at all. A number of as-
pects influence this decision, like the input data, the specified task, and also the
question which curves/surfaces are available for the design system to be used.

Once the type of the curves/surface to be used is specified, further requests
of the curves/surfaces to be designed have to specified in the next step. For in-
stance for piecewise polynomial curves/surfaces, a certain global continuity may
be requested. Another request to the curve/surface may be the preservation of
convexity properties, or the minimization of a certain energy functional.

In the next step of the CAGD pipeline, global degrees of freedom have to be
determined. The kind of these degrees of freedom depend on the decisions
made above. For Bézier- and B-spline curves, the degree of freedom to be de-
termined are parameterization and the end conditions of the curve. For tensor
product Bézier- and B-spline surfaces, the twist vectors additionally have to be
fixed.

The next step of the CAGD pipeline is the core of the design process. After
all the decisions above have been made, the designer can interactively move the
control points until an appropriate curve/surface appears on screen. Depending
on the chosen curve/surface scheme, the control points to be moved might be
Bézier points (for Bézier- or Bézier-spline curves/surfaces), de Boor points (for
B-spline curves/surfaces), or Farin points (for rational curves/surfaces). The
result of this step is a first version of the curve/surface which has to be evalu-
ated in the next step of the visualization pipeline.

In the curve/surface interrogation part of the CAGD pipeline the curve/sur-
face is checked for any undesired behavior which is not visible at first glance.
Typical methods for curve/surface interrogation are curvature plots, isophotes,
or reflection lines. The results of curve/surface interrogation methods are the
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parts of the curve/surface where a redesign is necessary.

In the last step of the CAGD pipeline, a curve/surface fairing is done. Au-
tomatic methods are applied to move the control points by minimal amounts to
increase the fairness of the surface while keeping the general shape. Curve/ sur-
face fairing methods may be based on curve/surface interrogation algorithms,
or they may focus on obtaining certain higher continuities of the curve/surface.

As we can see in figure 2.2, the CAGD pipeline, too, describes an iterative
process. After every step of the pipeline, the designer may go back to earlier
steps of the pipeline to apply a redesign there. In figure 2.2, this is illustrated
by the upward arrows on the right-hand side of the boxes.

In the CAGD pipeline not all parts have to be processed. For instance,
it is possible to omit the part ”select curve/surface type” and go directly to
the part ”"specify further requests of curve/surface”. If rather strong requests
are formulated here (for instance to minimize certain integrals), the type of
the curve/surface can be derived directly from this. For example, many spline
functions have been developed to minimize certain functionals.

Another example of omitting parts of the CAGD pipeline are variational
design approaches in curve and surface modeling ([80], [20], [72], [24]). There the
curve/surface type and rather strong further requests (minimizing functionals)
are defined in such a way that the curve/surface is already uniquely defined. In
this case, no further degrees of freedom have to be determined and no control
points have to be moved.

The fact that parts of the CAGD pipeline can be left out is illustrated by
the downward arrows on the left-hand side of the boxes in figure 2.2.

Considering the amount of data which has to be dealt with in the CAGD
pipeline, we can make the following statement: the amount of data increases
from the top to the bottom of the pipeline. This is not surprising because the
design process starts with almost nothing and ends in curves/surfaces which are
rather complex geometric objects. As in the case of the visualization pipeline,
this statement is a global one. Local variation are possible.

2.3.3 Conclusions from the pipelines

In this section we evaluate the pipelines for visualization and CAGD in such a
way that we get more detailed information about the question where to apply
CAGD methods for visualization, and vice versa. Before doing so, we have to
mention that the two pipelines were introduced at different levels of abstraction.
The visualization pipeline was introduced in a quite rough level of detail. In
fact, more detailed visualization pipelines have been introduced especially for
particular data classes. The CAGD pipeline here was newly suggested in this
work and thus needed a more detailed description. Despite of the different levels
of abstraction of the two pipelines, we do a comparison of them in the following.

As shown in figure 2.1, visualization is especially useful for rather large in-
put data sets. Since in the CAGD pipeline the amount of data is growing when
approaching the lower parts of the pipeline, we can formulate the following
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Expectation 5 Most applications of Scientific Visualization in CAGD can be
expected in the lower parts of the CAGD pipeline.

Indeed, as we will see later in chapter 7, the main applications of Scientific
Visualization are in the part ”move control points” and ”curve/surface interro-
gation” of the CAGD pipeline.

Asking the reverse question, where CAGD methods can be applied in the
visualization pipeline, a similar statement to expectation 5 is not possible. This
is due to the fact that we defined the application of CAGD in a rather general
way: we considered both a simple usage of curves/surfaces and for instance
the application of interpolation methods as CAGD applications. Hence we can
formulate the following

Expectation 6 Applications of CAGD methods can be found in almost all parts
of the visualization pipeline.

Later we will apply CAGD methods for data acquisition, for filtering, and for
the mapping step. Only the rendering step was left untouched because there
standard methods of Computer Graphics apply, and no specific visualization
background is necessary.

2.4 Strategies for Proceeding Further

After analyzing CAGD and Scientific Visualization concerning data, history and
pipelines, we obtain the following strategies for proceeding further:

Concerning expectations 3 and 4, the treatment of applications of CAGD in
Scientific Visualization is larger than the treatment of applications of Scientific
Visualization Visualization in CAGD. Hence the application of CAGD in Sci-
entific Visualization is treated in the four chapters 3—6 while for the treatment
of the application of Scientific Visualization in CAGD only the one chapter 7 is
reserved.

Following the trend in Scientific Visualization to focus on particular data
classes, we split the treatment of applying CAGD to Scientific Visualization to
the different data classes in Scientific Visualization. Hence the application of
CAGD for volume data is treated in chapter 3, for flow data in chapter 4, for
multiparameter data in chapter 5, and for the remaining data classes in chapter
6.

Concerning expectation 2, chapter 4 can be expected to be the largest.
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Chapter 3

CAGD for Volume
Visualization

Volume data is one of the most important data classes in scientific visualization.
The main applications of volume visualization are in medicine, meteorology
and other areas of natural science. Volume data may come from computer
tomography (CT) devices, or from raster electron microscopes.

The volume data we consider here consists of single scalar values on a regular
3D grid. The grid is given by two points Xmin = (Tmin, Ymin, Zmin)> > Xmaz =
(Tmazs Ymaz, Zmaz)’ and the grid resolutions n,,n,,n, in z—,y— and z—
direction. Then the grid points can be computed as

Ny —1% i
:lz Tmin + N Tmax
1=0,...,ng
Xijk = ny Ymin T ny Ymazx for ] = 0, vy My (31)
k=0,...,n
) b z
n,—k

n, Zmin T niz Zmazx

Research has also been done on volume data on curvilinear or irregular grids
[176]. Since most of volume data comes on regular grids we restrict ourselves
to the treatment of this type of grid. Here we also assume that the grid is
normalized, i.e. Xmin = (0,0,0)T, Xpazr = (nz,ny,n.)T. This can always be
achieved by applying an appropriate translation and scaling to the original grid.
For the normalized grid we obtain

7 )
Xijk = J for j
k k

0,...,nz
0,...,ny . (3.2)
0,....,n,

Given a regular normalized grid x; ; 5, the volume data is simply described by a
3D array c; ;. of scalar values. It means that at the grid point x; ;, the scalar
value ¢; j, was measured or computed. Concerning the data classification of
[23], volume data can be described as E[*g].

Before visualizing a volume data set given by x; ;, and ¢; ;, it has to be
converted into a scalar field

S [xminaxmax] X [yminaymaac] X [Zminy Zmax] — 1R

27
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by applying an interpolation between the grid points. This means that s has to
be chosen in such a way that

~
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The choice of an appropriate interpolation influences the behavior of the scalar
field and thus the whole visualization process. Various ways of interpolating
volume data are discussed in sections 3.3 — 3.8.

A variety of techniques have been developed to visualize volume data or the
scalar fields derived from them. It is not the purpose of this work to survey
existing techniques of volume visualization. Instead, here we try to find out for
which classes of techniques in volume visualization approaches of CAGD may
be applied. Surveys on volume visualization can be found in [107] and [167].

3.1 Techniques for Volume Visualization

The general approaches to visualize volume data can be classified into three
groups:

e decomposition methods
e direct volume rendering
e isosurface extraction.

Decomposition methods visualize certain subsets of the scalar field. These sub-
sets may be slices, particular points of the scalar field, or small geometric objects.
A representative of the last-named subset is the vanishing cubes method ([143],
[83]). Also in [143] a slicing approach is introduced which represents the data of
certain slices as height surfaces. Given a point
Xp = (Tp,Yp, 2p)T in the volume, three bivariate scalar fields s%, s, s* can be
defined out of s by

s°(y,2) = s(xp,y,2)
sY(z,z) = s(x,yp,2)
s5(z,y) = s(z,y,2).

These scalar fields can be visualized using color coding or as height fields over
their domain planes. Figure 3.1 gives an illustration of this.

Decomposition methods focus on simple geometric shapes such as planes or
tiny cubes. More complicated shapes such as curves or surfaces are not consid-
ered in this group of visualization techniques. Also the choice of a particular
interpolation between the grid points is of less importance here because decom-
position methods usually use discrete shapes. This is the reason that further
CAGD applications of decomposition methods are not known (except for the
example in figure 3.1 ).

To visualize the volume data set using direct volume rendering, either ray
casting or cell projection methods are used. In the ray casting approach, for
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Figure 3.1: 2D slices for a point of interest in the volume; its three 2D scalar fields
are visualized as height fields; the point of interest can be moved interactively (from
[143)).

each pixel a ray is sent through the volume. Along the ray the contributions of
the points in the scalar field are sampled. This means that the value for a pixel
is a certain average of the scalar values along the ray. The ray casting approach
can also be used to visualize isosurfaces. In this case an intersection of the
ray with a particular isosurface has to be computed. See [147] for a discussion
of this. This pixelwise representation of isosurfaces may be handled in real
time on high-end graphics workstations. However, this representation is view
dependent; the change of the view point requires a complete recomputation
of the representation. An alternative is a surface oriented representation of
the isosurface either as a triangular mesh or as parametric surfaces. These
approaches, which are candidates for applying CAGD methods, are discussed
in the sections 3.2 — 3.8.

Using cell projection for direct volume rendering, each cell is semitranspar-
ently projected to the screen. This way the final color of a pixel consists of
an average of a number of projected cells. See [209] for a survey of direct vol-
ume rendering methods. Direct volume rendering is of particular usefulness
when analyzing the whole scalar field. Particular surfaces are less emphasized
here. (Even in the case of ray casting an isosurface, the result is a pixelwise
description.) Also the question of what kind of interpolation to use plays a less
important role because the scalar values are sampled at discrete points. Thus
applications of CAGD methods to improve direct volume visualization are not
known.

The majority of applications of CAGD methods can be expected for the
extraction of isosurfaces for volume data. Here the graphical objects to be
analyzed are representations of isosurfaces for a given threshold. Thus the
remaining part of this chapter focuses on the question of how to apply CAGD
methods to deal with isosurfaces of volume data.

3.2 Pipeline for Isosurface Extraction of Volume
Data

Figure 3.2 shows the pipeline for the process of isosurface extraction for volume
data. We recognize the three steps (filtering, mapping, rendering) of the usual
visualization pipeline (see section 2.3.1).
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Figure 3.2: Pipeline for isosurface extraction of volume data.

As the first step of the mapping process, an appropriate interpolation be-
tween the grid points has to be chosen. This process transforms the volume data
into a piecewise interpolated scalar field. Note that this step is done before a
particular threshold is chosen. !

The scalar field and a picked threshold give an implicit description of the
isosurface (contour). It consists of all points in the scalar field which attain the
chosen scalar value. It is the task of the next step of the pipeline to convert this
implicit description of the surface into an explicit representation. This explicit
representation is finally sent to the rendering process.

In [76] and [65] extensions of isosurface extractions algorithms are treated
by considering interval sets. Interval sets are given by the definition of two
thresholds and consist of all points in the scalar field which have a scalar value
between the two thresholds. In this work we restrict ourselves to isosurfaces
because surfaces are classical objects treated in CAGD.

The choice of a particular interpolation of the volume data has a great influ-

ence on the rest of the mapping process for isosurface extraction. The following
kinds of interpolation between the grid points are possible:

f the volume data set is incomplete (i.e. the scalar values at certain grid points are
unknown) a data completion has to be performed as part of the filtering step (see [167]).
In this case the unknown values are obtained by interpolation of the values at adjacent grid
points. We want to distinguish between this kind of interpolation in the filtering process and
the interpolation in the mapping process. The interpolation in the filtering process computes
additional scalar values at a finite number of grid points while the interpolation in the mapping
step applies to the whole volume.



3.3. PIECEWISE CONSTANT INTERPOLATION 31

Xi-1,j-1k-1 Xi+1j-1k1 Xijik

Figure 3.3: a) voxel V; ; x; b) cell C; ;.

e piecewise constant interpolation

e piecewise linear interpolation

e piecewise trilinear interpolation

e piecewise higher order polynomial interpolation

e piecewise trilinear interpolation with local reparametrization
e piecewise trilinear interpolation over larger areas

We want to study each of these kinds of interpolation to explore where CAGD
methods can be applied. To do this we reserve one of the sections 3.3 — 3.8
for each kind of interpolation. Sections 3.3 — 3.8 are organized in the following
way: first we study the nature of the isosurface for the particular interpolation,
then ways of their explicit graphical representation are discussed. Here it is our
particular interest to study if an effective description as a parametric surface is
possible.

3.3 Piecewise Constant Interpolation

For doing a piecewise constant interpolation of the volume data, a Dirichlet
tessellation of the grid points (see [55]) is applied. All points inside the Dirichlet
cell of a certain grid point x; ; 1 get the scalar value ¢; ;. For a regular grid, the
Dirichlet cells around the grid point x; ;5 form a box with its center in x; ; .
This box is called a vozel V; j ;. Figure 3.3a gives an illustration. 2

An 7isosurface” of a piecewise constant scalar field consists of a number of
voxels - all voxels with its scalar value within a certain tolerance to the picked
threshold. To find a graphical representation of this set of voxels, they may
be sent directly to the renderer, or they may be transferred to a triangular
representation. Representatives of the last-named strategy are the cuberilles
introduced in [89]. Figure 3.4 shows an example of a conversion of voxel data
into a triangular mesh.

2Sometimes a voxel is not defined as shown in figure 3.3a but as shown in figure 3.3b. In
this case all points inside the box have the constant scalar value c; ; x of one particular vertex
X; 7, k- Lhe properties and results of both voxel definitions coincide.
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Figure 3.4: Transforming voxel data (a) to a triangular mesh (b) (from [132]).
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Figure 3.5: Two ways of subdividing a cell into 5 tetrahedra.

If the voxels are large, both representations (voxel and triangular) look rather
rough. In this case better interpolations of the volume data should be applied
(see sections 3.4 — 3.8). For smaller voxels both representations may give opti-
cally good results. In this case it depends on the specialization of the graphical
workstation if voxel data or triangular data should be chosen for representation.

Due to the discrete nature of a piecewise constant interpolation, approaches
to apply parametric surfaces for piecewise constant volume data are not known.

3.4 Piecewise Linear Interpolation

To obtain a piecewise linear interpolation of the volume data we consider cells
in the volume data. The cell C; ;; is a box defined by the eight grid points

Xigks Xitl,j,ky Xij+1,ks Xit1,j+1,k> Xijk+1s Xit1,5,k+15 Xij+1,k+15 Xit1,j+1,k+1
obtained from (3.1):

Cijk = [Ti,zit1] X [Yj,y501] X [2r 2r41]- (3.3)

Figure 3.3b gives an illustration. To apply a piecewise linear interpolation, each
cell has to be subdivided into a number of tetrahedra. Several approaches exist
for doing this. Figure 3.5 shows two different ways to subdivide a cell into 5
tetrahedra. Subdivisions into 6 or 24 tetrahedra are applied as well (see [142]).

For computing the scalar value of a point x inside a certain tetrahedron we
apply a linear interpolation of the scalar values in the vertices of the tetrahe-
dron. This way the scalar value at x is a weighted sum of the scalar values



3.5. PIECEWISE TRILINEAR INTERPOLATION 33

AN ON
S

Figure 3.6: Two cases of the marching tetrahedra algorithm.

at the vertices where the weights are obtained by computing the barycentric
coordinates of x relative to the tetrahedron vertices.

An isosurface of a piecewise linear interpolated scalar field inside a tetrahe-
dron is always plane. Thus it is a natural approach to represent the contour
of a piecewise linear scalar field as a triangular mesh. One algorithm which
computes the isosurface for all tetrahedra of a scalar field is the marching tetra-
hedra algorithm ([37]). For each tetrahedron, the scalar values at the vertices
are checked to see if they are larger or smaller than the picked threshold. If all
four values are smaller (or larger) than the threshold, the isosurface does not
pass the tetrahedron. In all other cases the exact isosurface can be computed by
obtaining the intersections of the isosurface and the edges of the tetrahedron.
To do this, linear interpolations of the vertices along the edges are applied. Here
two cases are possible, which are illustrated in figure 3.6. An improvement of
the marching tetrahedra algorithm is introduced in [174]. There, data structures
are built to prevent tetrahedra where the isosurface does not pass through from
being processed by the algorithm.

The marching tetrahedra algorithm computes the isosurface of a piecewise
linear scalar field exactly. It was originally developed to overcome the ambigu-
ities of the Marching Cubes algorithm (described in section 3.5.2.2). In fact,
once the grid is tetrahedrized, only the simple cases shown in figure 3.6 appear.
The problem is the choice of a particular tetrahedrization of the cells. This de-
cision has to be done independently of the particular data but has an influence
on the shape of the isosurface. This means that the ambiguities from which the
Marching Cubes algorithm suffers exist for the marching tetrahedra algorithm
as well. They are only shifted into the selection of an appropriate tetrahedriza-
tion. This is one reason why in most cases a trilinear interpolation is preferred
to a piecewise linear interpolation. Another reason is that a tetrahedrization of
the cells usually produces a higher number of triangles.

Since an isosurface of a piecewise linear scalar field is piecewise plane, the
piecewise triangular representation is optimal; no further CAGD applications
for this kind of interpolation are known.

3.5 Piecewise Trilinear Interpolation

As in the case of piecewise linear interpolation, the volume is subdivided into
cells by applying (3.3). In each cell a local trilinear interpolation of the scalar
values in the vertices is carried out to get the scalar values inside the cell.

To study properties of the piecewise trilinear interpolation, we consider the
cell Cooo = [0, 1] of a regular normalized grid given by (3.2). Then the scalar



34 CHAPTER 3. CAGD FOR VOLUME VISUALIZATION

Figure 3.7: Translating the coordinate system of the cell Cogo.

field in Cypg can be written as

s(z,y,2) = I-2)1—y)(1 —2)co0 + (1 —2)(1 —y)zcon
+ 1—-2)y(1—2)cor0 + (1 —x)yzco1n
+ 2(1-y)(I—-2)cio0 + (1 —y)zcio1
+ zy(l—2)c110 + zyzenn (3.4)

where c;ji, (i, j, k € {0,1}) are the scalar values in the vertices (i, j, k)T of Cyoo.
A contour (isosurface) is given by specifying a threshold r; it consists of all
points (z,y,z)T with

s(z,y,2) = T (3.5)

The trilinear interpolation is widely used and has a variety of applications.
Section 3.5.1 gives a collection of properties of trilinear contours. These proper-
ties are used to survey and improve algorithms for extracting trilinear contours
in section 3.5.2.

3.5.1 Properties of trilinear contours

The contours of a trilinear scalar field can be studied in two general ways.

1. We analyze the contour of a particular threshold defined by (3.4) and
(3.5). This analysis can be done for a contour either in a cell or in the
domain IR

2. We analyze all contours passing through the cell C; ; ;. to get global state-
ments about the cell itself.

The following sections give characteristics of both methods of analysis.

3.5.1.1 Connectivity of a contour

Here we consider the contour of (3.4) and (3.5) not only in the cell C; ; , but in
the domain IR3. In general, the contour consists of a number of surface parts
which are not necessarily connected to each other. It is the purpose of this
section to study how many unconnected surface parts the contour of (3.4) and
(3.5) consists of. This gives a classification of all contours of (3.4) and (3.5). To
do this, we apply a translation of the coordinate system as shown in Figure 3.7.
This translation is defined by the scalar values ¢; j 1 (4,7, k € {0,1}) at the grid
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points (i, j, k). Choosing

P = Coo1 + Co10 + €100 + €111 — Cooo — Co11 — €101 — €110
Tpy 1 €000 + Co11 — €001 — €010
Po = Yoo | = > €000 + €101 — €001 — C100 | » (3.6)
Zpo €00 + €110 — €010 — €100

equation (3.4) can be written in the form

s(z,y,2) =ax+by+cz+dzyz+te (3.7
with
o = (0111 - 6011) : (6100 - Cooo) - (0110 - 0010) : (0101 - 0001)
p
b — (c111 — c101) - (co10 — €o00) — (€110 — €100) - (Co11 — Co01)
p
¢ = (€111 — €110) - (€001 — €000) — (€101 — €100) - (Co11 — C010)
p
d = p,

and e is a certain constant. Thus, we only have to analyze the contours of
s(z,y,2) =ax+by+cz+dryz=r=const (3.8)
in IR3. A classification of (3.8) can be achieved by rewriting it as a height field

r—ax—by

c+dzxy (3.9)

z(z,y) =
and comparing the zeros of the numerator and denominator function. The zeros
of the numerator function form a line in the x — y—plane, whereas the zeros of
the denominator function give a hyperbola. Studying their interplay gives the
following classification:

e case 1: abed < O:

— case 1.1: 2 > —4“Tbc

: (3.9) gives 3 unconnected surface parts 3

—2abe. (3.9) gives 2 unconnected surface parts *

— case 1.2: r2 <
e case 2: abced > 0: (3.9) consists of 1 connected part
e case 3: abcd =0, d#0:

—case 3.1: r#£0:

3In this case the line r — ax — by = 0 does not intersect the hyperbola ¢ + dxy = 0. This
denominator hyperbola of (3.9) divides the z — y— plane into three parts which correspond
to the three unconnected surface parts of (3.9).

4In this case the line 7 — ax — by = 0 intersects one branch of the hyperbola ¢ +dzy =0
twice. For these intersection points (z1,y1) and (z2,y2) we obtain az1+byi1+cz+dxiyiz=1r
and az2+bya+cz+dxays z = r for any z. This means that the lines (z1,y1, 2) and (z2, y2, 2)
for z € IR are on the contour defined by (3.8). Thus the height surface of (3.9) consists of two
parts.
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Figure 3.8: Classification of the contours of (3.8) in IR,

case 3.1.1: ab # 0, ¢ = 0: (3.9) gives 2 unconnected surface
parts

case 3.1.2: a # 0,b = ¢ = 0: (3.9) gives 3 unconnected surface
parts

case 3.1.3: a = b =c¢ = 0: (3.9) gives 4 unconnected surface
parts

—case 3.2: r=0:

% case 3.2.1: ab # 0, ¢ = 0: (3.9) gives 3 unconnected surface

parts

% case 3.2.2: a # 0,b =c¢=0: (3.9) gives 3 parts intersecting each

other

* case 3.2.3: a=b=c=0: (3.9) gives 3 perpendicular planes.

Figure 3.8 gives illustrations of these cases.
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©) n(p,((a+b)’2))

n(p,(a)) n(p.(b))

=

Py

Figure 3.9: a) projections p,(a), py(a), p-(a) of a point a onto the contour in z—, y—
and z—direction; b) projection p.(t) of the line segment (1 —¢)a+t¢b onto the contour
is a rational cubic curve; c) configuration for computing the control points of p.(t).

3.5.1.2 Bézier representation of the contour

As already mentioned in [84], the contour defined by (3.4) and (3.5) is a rational
cubic surface ®. In this section we want to find a representation of it as a
triangular rational cubic Bézier surface.

Given a point a = (Za, Ya, 2a)’ , we compute the intersection of a ray starting
from a and the contour defined by (3.4) and (3.5). In general this computation
ends in the solution of a cubic equation. For the special case that the ray is
parallel to one of the coordinate axes, the problem simplifies to the solution of a
linear equation: let p,(a) be the intersection of the ray a+ - (1,0,0)7 with the
contour defined by (3.4) and (3.5). Furthermore, let p,(a) be the intersection
of the ray a+ A - (0,1,0)7 with the contour, and let p,(a) be the intersection of
the ray a+ A - (0,0,1)” with the contour. Then we obtain from (3.4) and (3.5):

T
7 —coo0 (1 = ¥a)(1 — 2a) — coo1 (1 — Ya) 2a
p (a) o — €010 Ya (1 - Za) — €011 Ya Ra Va2
’ (c100 — c000)(1 — ¥a)(1 — za) + (c101 — co01) (1 — ¥a) 22~~~
+ (c110 — €010) Ya (1 — 2a) + (111 — C011) Ya 2a
T
r —cooo (1 — Za)(1 — za) — 100 Ta (1 — 2a)
p (a) = |z — Coo1 (1 - xa) Za — C101 Ta Ra .
! *7 (co10 — co00) (1 = #a) (1 — 2a) + (c110 — €100) Ta (1 — 2a)
+ (co11 — €001)(1 — Za) 2za + (111 — €101) Ta Za
T

T — Cooo (1 - Ia)(l - ya) — Co10 (1 - «ra) Ya
— €100 Za (1 = ¥a) — €110 Ta Ya
(co01 — €000)(1 — a)(1 — ya) + (co11 — c010)(1 — Za) Ya
+ (c101 — €100) Ta (1 — ya) + (c111 — €110) Ta Ya

pz(a) = | Ta, Ya,

We call p(a), py(a), p-(a) the projections of a onto the contour in z—,y— and
z—direction. This means that we can construct three points on the contour for
a given point a in a simple way. Figure 3.9a gives an illustration.

5 After mentioning that the contour of (3.4) and (3.5) is a rational cubic, [84] approximates
it by a number of rational quadratic surfaces. This was motivated by the fact that the
intersections of the contours with the faces of a cell are hyperbolas and therefore exactly
describable by rational quadratic curves.
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Given a point a, there is one and only one contour defined by (3.4) through
it. We can compute its (unnormalized) normal vector n(a) in a by

n(a) = grad(s(za, Ya, 2a)) = (52(Ta, Ya, 2a); Sy (Tas Ya, Za); 52 (Tas Ya, 2a)) "
(3.10)
where sz, sy, s, are the partial derivatives of s defined in (3.4).
Now we construct curves on the contour by projecting line segments onto it.
Given is the line segment x(t) = (1 — t) a4+t b. Then the curves

Px(t) = P2(x(t)) , Py(t) =py(x(t)) , Pz(t) = P:(x(1)) (3.11)

are obtained by projecting each point of x(¢) onto the contour in x—,y—, or
z—direction . Figure 3.9b gives an illustration for p,(¢).

It is a straightforward exercise in algebra to show that the curves
pz(t), py(t), p~(t) on the contour defined by (3.4) and (3.5) are rational cubics.
The curve p,(t) can be expressed as

i wibi BY(t)

p:(t) = ¢ (3.12)
Yo wi B(t)
where B3(t) are the Bernstein polynomials (see [55]) and
4 1
Wo = Zn(pz(a)) » W17 3 %n(p.(242)) ~ 3 “n(p:(b)
4 1
W3 = Zn(pz(b)) » W2 = 3 %n(p.(242)) T 3 “n(p:(a)
by = P- (a) ) bz = P- (b) (313)
( ) T, + 3wTol Tby
by = (1*W)ybo+3wﬁ'lyb3
(1 + 3111}51) pz(#) - 311%1 Zbs
3111)32 + ( )xb3
b, = Fug Uby + ( _—)ybs

Wo
(I+ 3w2)zpz(%) F1ey Zbo

Figure 3.9c gives an illustration of the components used in (3.13). The curves
pz(t), py(t) can be computed as rational cubics in a similar way.

Now we extend the concept of curves on the contour to parametric surfaces
on the contour defined by (3.4) and (3.5). Given is a triangle

x(u,v,w) =ua+vb+wc (3.14)

in barycentric coordinates of the vertices a,b,c, i.e. u+ v+ w = 1. Then
Pz (x(u,v,w)), py(x(u,v,w)), p-(x(u,v,w)) are the projections of x onto the
contour defined by (3.4) and (3.5). Figure 3.10a gives an illustration for
p:(x(u, v, w)).

The surfaces pg(x(u,v,w)), py(x(u,v,w)), p(x(u,v,w)) are rational cu-
bics. For example, p,(x(u,v,w)) can be described as a rational Bézier triangle
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Figure 3.10: a) p.(x(u,v,w)) is obtained by projecting every point of x(u,v,w) =
ua + vb + wc into z—direction onto the contour defined by (3.4) and (3.5); b)
p-(x(u, v, w)) is a rational cubic surface; ¢) two adjacent triangles projected in different
directions: the resulting contour patches may have gaps.

(see [55])

Zi+j+k:3 Wik bijk B?jk(u’ v, W)
Zi+j+k:3 Wijk Bg’jk(“, v, W)
where the Bézier points and their weights on the boundary curves can be com-

puted as in (3.13) above, and

pz(x(u,v,w)) = (3.15)

w201 + Wi02 + Wo21 + Wo12 + Wi20 + W21  W300 + Wo30 + Woo3

w111 =
4 6
. Wo12 + Wo21  Wo30 + Woo3
Tbhiyn = - a
4wi11 12 w111
w102 + W201  W300 + Wo03
+ - b
4wyyy 12wq1y
Wi20 + W210  W300 + Wo30
+ - c
4wt 12 w111
y Wo12 + Wo21  Wo30 + Woo3
b _
e 4wi11 12wq1q
wio2 + W201  W300 T Woo3
+ —
4wy 12w111
Wi20 + W210  W300 + Wo30
- c
4wy 12wy
W210 2b210 T W201 2b201 + W120 Zb120
Zbi11 4wy,
i Wp21 Zb021 T Wo12 2bo12 + W102 2b102
4wy
W300 Zp.(a) T W030 Zp. (b) T W003 2p. (c)
12 w111 '

Figure 3.10b gives an illustration. The surfaces p,(x), py(x) can be described
in a similar way.
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In this section we have shown that a contour of (3.4) and (3.5) can be
described as rational cubic Bézier triangles. To make this description usable to
Computer Graphics, more problems have to be solved:

e we have to choose the triangles (a, b, c) to be projected
e we have to choose the projection direction for each triangle

e we have to eliminate gaps between the patches which happen by projecting
adjacent triangles in different directions (see figure 3.10c for an example)

e we have to make sure that the weights of the rational cubic surfaces do
not have alternating signs

These problems will be discussed in section 3.5.2.3 .

3.5.1.3 Special points on the contour - the inner ring

In this section we want to study special points on the contour defined by (3.4)
and (3.5). These points will later be useful to find suitable triangulations of the
contour. The points we consider are all points on the contour where the surface
normal points either in z—, y— or z—direction.

Given a contour defined by (3.4) and (3.5), there are at most two points
X(, X1 on the contour with a normal in z-direction. Similarly, there are at most
two points yg, y1 on the contour with a normal in y-direction, and there are at
most two points zg, z1 on the contour with a normal in z-direction. These six
points can be computed as

Tm — Tp Vo Tm + Tp Vo
X0=| ym+wVe | » xi=| ym—uypV0
zm—l—zp\/g zm—zp\/g
T + Tp \/5 Tm — Tp \/5
Yo = ymfyp\/g y Y1 = ym.+yp\/3 (316)
Zm + Zp \/3 Zm — Zp \/5
Ty + Tp \/S Tm — Tp \/g
Zy = ym+yp\/g )y 21 = ym_yp\/g
Zm_Zp\/g zm'i'zp\/g
with
(c111 — co11)(r — cooo) — (€110 — Co10)(r — coo1)
. + (€100 — €000) (1 — co11) — (c101 — coo1) (7 — co10)
" 2 ((e111 — co11)(€100 — €o00) — (€110 — co10) (€101 — C001))
(0111 - 6101)(7“ - Cooo) - (0110 - 0100)(7" - 0001)
U — + (co10 — o00) (1 — c101) — (co11 — co01)(r — c100)
" 2 ((c111 — c101)(Co10 — €o00) — (c110 — €100)(Co11 — Co01))
(0111 - 0110)(?" - Cooo) - (0101 - 0100)(7” - 0010)
L + (001 — cooo) (1 — c110) — (Co11 — Co10)(r = €100)

2 ((e111 — €110) (€001 — co00) — (€101 — €100)(co11 — €010))
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Figure 3.11: The points (xo,y1,%0,X1,¥Y0,%1) on the contour which have normals
either in x—,y—, or z—direction form a closed polygon on the edges of a box - the
inner ring; this inner ring lies completely on the contour.

1

2 ((e111 — co11) (€100 — co00) — (€110 — co10) (€101 — C001))
1

2 ((e111 — c101)(co10 — co00) — (€110 — €100)(Co11 — Co01))
1

2 ((e111 — €110) (€001 — co00) — (€101 — €100)(C011 — C010))

ar?+3r + v
(3.17)

2
(—c111 + c110 + €101 — €100 — €001 + Co0o + Co11 — Co10)

2 (coo1 €110 + Co11 €100 + €101 Co10 + €111 C000)
“(e111 + cooo + c101 + €110 + €100 + Co10 + Co11 + Coo1)
—4 ( €000 C111 (6111 + Cooo) + Coo1 C110 (0110 + 8001)
+ ¢o10 c101 (€101 + €010) + €011 €100 (€100 + CO11) )
— 4 (co00 €110 €101 + €000 Co11 €110 + C000 Co11 €101 + €110 €101 Co11)

—4 (€111 €001 €010 + €111 €100 €001 + C010 €100 €111 + €001 €010 €100)

2
— (€001 €110 + Co11 €100 + €101 Co10 + €111 Co00)
2 2 2 2 2 2 2 2
+2 (€111 €goo + 101 €010 T 001 €110 T 011 Cl00)

+4 (co00 €110 €101 Co11 + Co10 €100 €111 C001)-

Depending on the value 4, all these six points are either real points on the
contour, or all have imaginary values. If they are real (i.e. if 6 > 0), then the
closed polygon (xg,¥1, %0, X1,Y0,%1) lies on the edges of a box. Note that this
polygon lies completely on the contour®. We call this closed polygon the inner
ring of the contour. Figure 3.11 gives an illustration.

6To show this, compute s(z, y, z) using (3.4) for (z,y,2)T = (1—t)xg+ty1. It is a straight-
forward exercise in algebra to show that s(z,y,z) = r for any ¢ € IR. This means that the line
through xq,y1 lies on the contour. The remaining lines of the polygon (xo,y1,20,X1,Y0,%1)
are treated in a similar way.
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r=0.7
[ r=01 r=0.3

Figure 3.12: Contours of a cell C' with seg(C) = 1: any contour in C consists of at
most one connected surface part.

r=0.05 r=0.1 r=0.2 r=0.3 r=0.4

e

r=05 r=0.6 r=0.7 r=0.8 ‘ r=0.9
A #Ur ﬂ. \ZR

Figure 3.13: Contours of a cell C' with seg(C) = 4: for r = 0.2 the contour consists
of 4 unconnected surface parts.

W

e

3.5.1.4 Segment number of a cell

In this section we study all contours of (3.4) in the cell Cygp following [191]. We
are especially interested in the connectivity of the contours in the cell. Unfor-
tunately the results of section 3.5.1.1 are not directly applicable here because
one connected surface part may intersect Cpygp more than once.

To study all contours of (3.4) in Cygg we apply — as in section 3.5.1.1 — the
translation (3.6) of the local coordinate system and have to study the contours
of (3.8) in the cell C' = [zp,, Zp, + 1] X [Upy, Ypo + 1] X [2py, 2po + 1]-

Varying the threshold r in (3.8), the contours change. So does the number
of unconnected surface parts of the contour. We define

Definition 1 Given the trilinear scalar field s(z,y,z) =ax+by+cz+dzyz
in the domain of the cell C = [zpy, Tp, + 1] X [YposUpo + 1] X [2pys 2po + 1],
the segment number seg(C) of C is the maximal number of unconnected surface
parts of the contour s(x,y, z) = r =const in C for any threshold r.

Figure 3.12 gives an example of a cell with seg(C') = 1. Changing the value of
r, the isosurface "moves” through the cell. It consists of at most one connected
part for any r.

Figure 3.13 shows a cell with seg(C') = 4: for a particular threshold the
contour consists of four unconnected parts.

The segment number is a threshold-independent characterization of a cell
C. For any C we get seg(C) € {1,2,3,4}. To show this we use the fact that
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a surface inside a cell has at least 3 intersections with the edges of the cell.
Since the cell consists of 12 edges and at most one intersection of an edge and
a contour exists, the maximal number of unconnected surface parts is 4.

The segment number may be used to estimate how complicated a surface
extraction algorithm will be before picking a particular threshold. We are par-
ticularly interested in cells C' with seg(C) = 1. Since for them the contours
always consist of one connected surface part, these cells are candidates for ap-
plying enhanced surface extraction methods or for merging them with adjacent
cells (see section 3.8).

Now we give necessary and sufficient geometric conditions for a cell to have
seg(C) = 1. Again, we consider the contour of (3.8) in the cell C' = [zp,, Tp, +
1] x [ypwypo + 1] X [zPO’ZPO + 1]'

To formulate the conditions for seg(C) = 1, we need to introduce the concept
of characteristic hyperbolas. The first characteristic hyperbola h; in IR® consists
of all points with s,(x,y,2) =0 and s.(z,y,2) = 0 in (3.8). h; can be written
as rational quadratic Bézier curve described by two control vectors by, bl and
a control point b} (see [54]). We set

(—4bc)/d 0 0
by = 0 ,bi=[ 0| ,bi=[ 1/ ], w=1
0 0 1/c

where w; is the weight of b}. Then we obtain

_ by BA() + wl bl BA(1) + by B3(1)

0 w] BE(D)

In a similar way we define the characteristic hyperbola hs by s, (z,y,2z) = 0 and
sz(x,y,z) = 0. The characteristic hyperbola hj is defined by s, (z,y,z) = 0 and
sy(w,y,z) = 0. The Bézier point b? with the corresponding weight w} and the
control vectors b3, b2 describing hy are

0 0 1/a
bi=| (~4ac)/d | , bi=| 0] ,bi=| 0 , wi=1.
0 0 1/c
The hyperbola hg is described by
0 0 1/a
(—4abd)/d 0 0

If abed < 0 then hy, hy, hs intersect in two common points s; and s;. They
can be computed as
1 be 1 be
s1= ——=| ac , Sg=————= | ac |. (3.18)

vV—abed ab vV—abed ab

From (3.8) and (3.18) we obtain

—2abe 2abc

1) = e sl) = = (3.19)
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a)

r

b) 0.  d
78 v\ GIRbTS

Figure 3.14: Location of characteristic hyperbolas hi, ho, hs; a),b): abed < 0;
¢),d):abed > 0.

f | f2 fs

z P, z L7 z
X X X

Figure 3.15: The faces f1, f2, f3 of a cell.

Figures 3.14a and b illustrate this situation from two different viewpoints. If
abcd > 0 then hy, hs, hy do not have any intersections. Figures 3.14c and d
show this from different viewpoints. The degenerate case abcd = 0 is omitted
here.

To formulate conditions for seg(C) = 1, we have to classify the faces of C.
Given the cell C' = [xp,, Tpe+1] X [Upo Ypo +1] X [2pos 2po +1]; let £1 = {(z,y,2) €
CIJZ:J?pO Orx:xp0+1}’ fQZ{(xayvz) ec:y:ypo Ory:ypo+1}7 and
f5 = {(z,y,2) € C: z = zp, or z = zp, + 1}. See figure 3.15 for an illustration
of the faces.

Now we can formulate

Theorem 1 Let C = [xp,, Tpy + 1] X [Upos Upo + 1] X [2pos 2po + 1] be a cell in
the scalar field defined by (3.8). Then the condition seg(C) =1 is equivalent to
the three conditions hy Nf; =0 and ho Nfy =0 and hs N f; = 0.

Figure 3.16 illustrates the idea of the proof. Suppose hs intersects f3 as shown
in Figure 3.16a. Figure 3.16b is a magnification of the cell and hs in Figure
3.16a. We compute the intersection point of h3 and f3, and consider the contour
passing through this point. As shown in Figure 3.16b, this contour consists of
at least two surface parts. The cases that hy intersects f;, or hy intersects fs,
are treated in a similar way.

For the proof of the converse statement of theorem 1, we assume that for
a certain threshold r the contour consists of at least two unconnected surface
parts. Then we can find a face of C' which has two intersection curves with the
contour. (In the worst case we have to vary r to find such a face.) (Figure 3.16¢
shows two surface parts of the contour which produce two intersection curves
in the upper face of f3.) Then we can find a point on this face which is the
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Figure 3.16: Proof idea of theorem 1.

intersection point with the corresponding characteristic hyperbola. (In Figure
3.16¢, the marked point on the upper part of f3 is the intersection with hs.)

Theorem 1 gives geometric conditions for seg(C) = 1. This means that for
a given cell C' theorem 1 can be applied to distinguish between seg(C) = 1
and seg(C) > 1. Since only for seg(C) = 1 is it certain that no ambiguities
appear for any threshold and any face of the cell, only cells with seg(C) = 1 are
candidates for accelerated isosurface extraction algorithms. Thus we did not
continue to search for geometric conditions for seg(C) = 2.

3.5.2 Graphical representation for piecewise trilinear con-
tours

After studying properties of the piecewise trilinear contour in section 3.5.1, this
section discusses algorithms to find graphical representations of the contour.
We consider three approaches for doing this:

e voxel representation
e triangular representation
e representation as parametric surfaces

Each approach is discussed separately in one of the sections 3.5.2.1 — 3.5.2.3.

3.5.2.1 Voxel representation of piecewise trilinear contours

This approach creates voxels out of the scalar field by applying piecewise tri-
linear interpolations. The voxel size is usually smaller than the size of the grid
cells C; ; 1.; it may be chosen adaptively. The voxels may be effectively rendered
by using workstations with 3D frame buffers. The dividing cubes algorithm
introduced in [126] is a representative of these approaches.

3.5.2.2 Triangular representation of piecewise trilinear contours

The representation of piecewise trilinear contours as triangular mesh is a natural
and widespread approach because most of todays graphics workstations are
highly specialized in processing large numbers of triangles.
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Figure 3.17: Cases of the Marching Cubes algorithm from [130]. A solid dot on a
vertex means a "+ classification, i.e. the scalar value at this vertex is larger the
considered threshold. Note that the cases 11 and 14 coincide due to symmetries.

Two general approaches exist to find a triangular approximation of the con-
tour. The one is to find the contour lines in parallel slices and connect the
contours of adjacent slices by applying a triangulation. Contributions to this
approach can be found in [2], [135], [106] and [9].

The other general approach to extract contours works directly on the 3D
cells. The standard algorithm here is the Marching Cubes (MC) algorithm in-
troduced in [130]. Here, for every cell the scalar values at the vertices are checked
for being smaller or larger than the picked threshold. Depending on the result
of this check, each vertex of a cell is marked as "+” or ”-”. Considering sym-
metries in the cells, 14 different configurations of the ”+” and ”-” arrangement
are possible. They are illustrated in figure 3.17. Based on this classification, the
intersections of the contour with the edges of the cells are computed by applying
linear interpolations along the edges of the cell. Finally, a triangulation which
is built out of these intersection points gives the approximation of the contour
(see figure 3.17).

Soon after the Marching Cubes algorithm was published it was realized that
it does not necessarily give topologically exact representations of the contour
([47]). In fact, it may happen that adjacent cells create different contour curves
on the face they share. In these cases the global contour has a hole in the area
of these two adjacent cells. This may appear when one face of a cell has exactly
two vertices with a 7+ classification which are located diagonally to each other.
In this case, four intersections of the contour with the edges of the face exist.
There are two ways of connecting these four intersection points. One approach
to solving these ambiguities was introduced in [139]. There it is shown that
the intersection of the contour with a face of a cell is a hyperbola. Similar to
algorithms for isoline extraction of 2D scalar data, its correct representation
can be found by checking an additional point inside the face. Depending on the
scalar value of this point the topological correct representation of the contour



3.5. PIECEWISE TRILINEAR INTERPOLATION 47

S P
S

Figure 3.18: Solving ambiguities for the intersection of a trilinear contour and a cell
[139]. a) If exactly two opposite vertices have a scalar value bigger than the threshold,
exactly four intersections of the contour with the edges of the face exist. b) Depending
on the scalar value of any point in the area marked grey, the correct representation of
the contour is either ¢) or d).

curve can be found. Figure 3.18 illustrates this.

Applying this approach to all ambiguous faces of the cell, the result is up
to four closed polygons on the faces (see [139]). To get the representation of
the contours, these polygons are triangulated independently of each other. A
similar approach to solving the ambiguities on the cell faces was introduced
in [197]. Another way of preventing unwanted holes in the contour across the
cell faces is suggested in [134]. The approach reported there is faster than
[139] but does not yield topologically exact contour curves on the faces of the
cell. A survey of algorithms to treat ambiguities on the cell faces can be found
in [144]. One approach to combine a piecewise trilinear interpolation with a
tetrahedrization of the cells is introduced in [212]. There the fact is used that a
tetrahedral edge which lies on a face of a cell may have up to two intersections
with the contour. Thus more involved lookup tables than shown in figure 3.6
are introduced. They make sure that the topology of the approximation of the
contour does not depend on the particular tetrahedrization.

The extension in [139] of the Marching Cubes algorithm guarantees a topo-
logically exact representation of the contour curves on the faces of a cell. Un-
fortunately it does not guarantee a topologically exact representation of the
isosurface inside a cell 7. Consider figure 3.19 for an example.

One approach to overcome this problem is suggested in [138]. There the
topology of the contour inside a cell is described by the ”connectivity” of the
cell vertices: two vertices are connected if there is a curve inside the cell (or on
its boundary) which connects the vertices and does not intersect the contour.
In order to find the pairs of vertices which are connected inside the cell (i.e. the
connecting curve is not on the cell boundaries), the scalar values of the vertices
are additionally checked against the scalar value of a ”body saddle point” inside
the cell. This point is one of the points s1,s2 in (3.18). Since both points sy, so
may be located inside a cell or both points may not exist at all, the approach
in [138] does not work for any case. Also, [138] does not give any information

"The same statement applies for [212].
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d)

Figure 3.19: a) and d): two possible contours of (3.4) and (3.5) where the MC
algorithm of [130] and [139] gives the same set of closed polygons on the faces of the
cell shown in ¢); depending on certain inner points, the exact triangulation is either
b) or e).

to actually apply a topological exact triangulation.

From figure 3.19 it is obvious that in order to get a guaranteed topologically
exact representation of the contour, certain inner points of the cell have to be
incorporated into the triangulation. In the following we want to find a set of
inner points which are sufficient to get a topologically exact triangulation for
every case. To explain the main idea we start with an example. Given is the
contour shown in figure 3.20a. The MC algorithm of [130] and [139] gives the
closed polygon shown in figure 3.20b. We name the vertices of the polygon
v1,...,vg. Triangulating this polygon, the edges (va,vg) and (vs, vs) must not
be used because the solution for the ambiguities on the upper face of the cell
had excluded these edges from a valid triangulation. Here it makes sense to
define one inner point v on the contour and apply a triangulation shown in
figure 3.20d. A good candidate for v is the point on the contour which has a
contour surface normal in z-direction (see figure 3.20a).

The example of figure 3.20 gives the key to find a set of inner points which
are sufficient for a topological exact triangulation for every case. It turns out
that this set of inner points is the inner ring introduced in section 3.5.1.3. A
topologically exact Marching Cubes algorithm can be described in the following
way:

1. Create the closed polygons on the cell faces following [130] and [139]. We
obtain up to four closed polygons and call them outer rings.

2. Compute the points of the inner ring by applying (3.16) and (3.17).
3. If the inner ring is not real or if the inner ring is completely outside the cell,

then triangulate the outer rings independently of each other; otherwise
continue with 4.
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Figure 3.20: a) contour and point v with normal in z—direction on it; b) closed
polygons resulting from the MC algorithm of [130] and [139]; c) part of a wrong
triangulation of b); d) triangulation applied here; e) triangulation of d) in 3D.

4. Check the connectivity between the inner ring and each of the outer rings.
If the inner ring and one of the outer rings belong to the same contour
segment: triangulate the area between the inner ring and this outer ring.

5. If only one outer ring was connected to the inner ring, the inner ring itself
has to be triangulated.

Figure 3.21 illustrates this algorithm.

To check the connectivity between the inner ring and one outer ring, we
intersect the lines of the inner ring with the faces of the cell. If one of these
intersection points lies on the outer ring, it is connected to the inner ring. Figure
3.21c illustrates this.

Figures 3.22-3.24 show examples of the application of the topologically exact
Marching Cubes algorithm. Although we have not yet introduced how to com-
pute the exact contours shown in the figures 3.19a, 3.19b, 3.20a, 3.22, 3.23d-f,
3.24a, we have inserted the images here to provide a comparison of the exact
contours and the MC triangulations. The representation of the exact contours
is treated in section 3.5.2.3. In the examples of figures 3.22 and 3.24 the MC
algorithm of [130] and [139] fails, i.e. gives topologically wrong triangular ap-
proximations. In fact, the result for figure 3.22 would be a (topologically wrong)
triangulation similar to figure 3.19b. Also [138] does not provide a topologically
exact triangulation for figure 3.22 because it does not use any inner points for
triangulation.

Improvements of the Marching Cubes Algorithm

The Marching Cubes algorithm is popular for finding a triangular approxima-
tion of contour. Together with extensions in [139] and in this section, it is able
to triangulate any piecewise trilinear contour topologically exact. Nevertheless
there are disadvantages of the algorithm as well:



50 CHAPTER 3. CAGD FOR VOLUME VISUALIZATION

b)

Figure 3.21: Illustration of a topologically exact MC algorithm; a) create outer rings
following [130] and [139]; b) compute inner ring; ¢) check connectivity between inner
ring and outer rings by intersecting the lines of the inner ring with all faces of the
cell; here the inner ring is connected to two outer rings; d), e) triangulate the areas
between inner ring and outer rings.

e since every cell has to be treated separately the algorithm is rather time
consuming

e the resulting triangular mesh might be too fine (see figure 3.25a% for an
example)

Several solutions have been proposed to overcome these disadvantages.

If the number of triangles is too high (i.e. the triangular mesh is too fine)
a variety of mesh reduction algorithms exist. The treatment of mesh reduction
algorithms is not the subject of this work. Contributions on that area are in
[68], [93], [166], [154] and [94].

Another popular approach to deal with large triangular meshes is to find a
multiresolution representation of the mesh (see [52] and [75] for examples). Since
this approach also does not make use of CAGD applications, it is not treated in
this work. Note that both mesh reduction algorithms and multiresolution rep-
resentations of triangular meshes are in general not only for MC triangulations
but for arbitrary triangular meshes.

One approach to reducing the number of triangles directly in the MC algo-
rithm is the discrete MC approach in [133]. There only the midpoints of the
cell edges are used to build the triangulation. This way a number of triangles
from the original MC algorithm may collapse to bigger polygons.

To speed up the MC algorithm itself, storing the data in an octree has been
proven to be useful. In [208] the volume data is stored in a modified octree
called branch-on-need octree (BONO). In each node of the octree the minimal

8The data set in this image is property of Siemens Medical Systems, Inc., Iselin, NJ
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Figure 3.22: a) Exact contour over the triangulation shown in figure 3.21d) and 3.21e);
b) exact contour over triangulation in figure 3.21d); ¢) exact contour over triangulation
in figure 3.21e). We can clearly see that inner ring is part of the contour.

and maximal scalar value for all cells represented by this node are stored. For
a certain threshold the tree is traversed top down to exclude those cells from
the MC algorithm through which the contour does not pass. Furthermore, this
approach can also be used to reduce the number of triangles produced by the
MC algorithm. This is done in [170] by merging the octree leaves in a suitable
way. An extension of the octree approach to time varying fields can be found
in [181].

Other approaches to speeding up the MC algorithm use seed cells. A seed
cell is a cell which a certain contour passes through. Starting from it, only the
adjacent cells which the contour may pass through are searched until the global
contour is completely extracted. The problem here is finding an appropriate
number of seed cells for a ceratin threshold. In [127] each cell is considered as a
2D point in a "span space” where the x-coordinate is the minimal scalar value
and the y-coordinate is the maximal scalar value of the cell. Then the seed cells
can be effectively obtained out of this span space. In [172] a grid resolution of
the span space is introduced to speed up the search for the seed cells. Other
methods which focus on finding one seed cell instead a complete set of seed
cells for a threshold can be found in [102], [103], [7], [119]. An extension of the
seed cell idea to time varying fields can be found in [171]. A case study on the
performance of the improvements of the MC algorithm can be found in [182].

Another approach to speeding up the MC algorithm and reducing the num-
ber of triangles is treated in section 3.8. Since the approach described there
uses other interpolation schemes of the volume data, it was put into a section
of its own.

3.5.2.3 Representation of piecewise trilinear contours as parametric
surfaces

Applying the Marching Cubes algorithm (or any other algorithm which gives
a triangular approximation of the contour), the resulting triangular mesh may
not only be too fine as treated in section 3.5.2.2, it may also be too coarse. This
problem appears

e with low resolution volume data

e when exploring details in high resolution volume data.
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Figure 3.23: Example of a contour with one outer ring consisting of 12 edges and the
inner ring being completely inside the cell; a) triangulation between inner ring and

outer ring; b) triangulation of inner ring; ¢) whole triangulation; d)-f) exact contours
over the triangulations a)-c).

a) b)

Figure 3.25a shows an example of a volume data set where MC gives a triangular
mesh which is too fine. Figure 3.25b shows a detail of the inner part of the
surface shown in figure 3.25a. Here the mesh is too coarse.

One way to get a finer representation of the contour is to use a more detailed
(and therefore larger) volume data set. Since this is usually not available, we
try to find better approximations of the piecewise trilinear contour than the
MC algorithm yields. In [5] a refined triangular representation of the contour is
achieved by adaptively refining the triangles of the MC algorithm.

Another promising approach for a better representation of a piecewise tri-
linear contour is representation as piecewise parametric surfaces instead of tri-
angles. Several approaches for doing this exist.

In [66], the contour is approximated by a number of bicubic patches. The
approximated surface is G° continuous across the cell boundaries. Piecewise
bicubic patches are also used in [105] to refine the results of a ” contouring-and-
connecting” approach. In [73], the contour is approximated using patches with
4, 5 or 6 boundary curves. The result is a surface which is G° continuous across
the cell boundaries as well. [84] approximates the contours by rational quadratic
triangular Bézier surface patches. This approach represents the boundary curves
of the contour on the faces of the cells exactly but yields only G° continuous
junctions of the patches both inside a cell and across the cell boundaries.

All the approaches mentioned above have something in common: each is just
another approximation of the piecewise trilinear contour. In the following we
want to find the exact representation of the trilinear contour as a piecewise para-
metric surface. We know from section 3.5.1.2 that the contour can be described
in terms of rational cubic Bézier triangles. The general idea of describing the
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Figure 3.24: a) Contour which gives two outer rings and the inner ring completely
inside the cell; b) outer rings; c) triangulation between inner ring and one outer ring;
d) triangulation between inner ring and the other outer ring; ) whole triangulation.

whole contour in a cell is to build a triangular patch over each triangle of the
MC triangulation.

Unfortunately, triangular patches of adjacent triangles may have gaps. Fig-
ure 3.10c gives an example. To overcome this problem, we use trimmed surfaces
(see [55]) of the triangular rational cubics instead of the triangular patches
themselves. This way the domain of the patches is not a triangle but a more
complex shape which is bounded by three rational cubic curves. We use the
following algorithm to compute the surface patch over an MC triangle:

Given is the triangle (a, b, ¢) which is obtained from the MC algorithm. This
means that a, b, c are on the contour.

1. Determine the projection directions gab, gbe, gea € {2, y, 2} of the bound-
ary curves.

2. Determine the projection direction gane € {z,y, 2z} of the whole triangle.

3. Project the boundaries of the triangle (a, b, ¢) in the directions defined in
step 1 onto the contour. We obtain the curves

Xab(l) = Pgu((1—t)a+tb)
Xpe(t) = Pa.((1-t)b+tc)
Xca(t) = Poea((1-t)c+ta)

on the contour. The curves Xap, Xpc, Xca are the boundary curves of the
final patch over the triangle (a, b, c).

4. Project Xap, Xbe, Xca 10 the direction gape into the plane defined by a, b, c.
We obtain the curves yab,Ybe,Yea i the plane (a,b,c) which are the
boundary curves of the domain of the final patch.
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©)

Figure 3.25: a) CT head consisting of 423.963 triangles - a candidate for mesh reduc-
tion algorithms; b) detail inside the same CT head - the triangular mesh is too coarse;
¢) the contour of a triquadratically interpolated scalar field may have self- intersections
and complicated topologies.

a) b) L

a Yab(f)

Figure 3.26: Example of the algorithm for constructing a triangular patch over an
MC triangle (a,b,c); a) determine the projection directions; here we have chosen
Gab = T, be = Y, Jca = %, qabe = 2; b) project the boundaries of the triangle onto the
contour; here we obtain the boundary curves Xab(t) = pz((1 —t)a+tb), xpe(t) =
pPy((1—t)b+tc), Xca(t) = p=((1 —t)c+ta) on the contour; c) project Xab, Xbe, Xca
in z-direction onto the plane defined by the triangle (a,b,c); we obtain the planar
CUI'VES Yab, Ybe, Yca Which are the boundaries of the domain of the trimmed surface.

5. Compute the trimmed surface of the projected patch pg,, (va+vb+wc)
with u + v +w = 1. The domain of the trimmed surface is given by the
boundary curves Yapb, Ybes Yea-

Figure 3.26 illustrates an example of this algorithm.
To complete the algorithm, we have to answer two questions:
a) how to choose the projection directions
b) how to make sure that the cubic surfaces have all positive (or all negative)
weights, i.e. no zeros in the denominator functions.

To a): Given the points a = (Za, ¥a, 2a)’ and b = (21, yp, 2p)7, we choose
dab = % if [|za — Tb|| < ||ya — ybl| and ||za — Tb|| < ||za — 2b|| and a and b are
not on the same face of the MC cell, i.e. =((za =0 and zp = 0) or (zo = 1 and
xp = 1)). If the last named condition is false, the projection direction has to be
chosen between y and z.

To compute gape, we consider the normal n = (2y, yn, zn)’ of the triangle
a,b,c. We choose gabe = @ if ||zn|| > ||ynl| and [|zn|| > ||zall-



3.6. HIGHER ORDER POLYNOMIAL INTERPOLATION 55

a) b) C)

Al

Figure 3.27: a) two cells and the triangular approximation of a certain contour using
MC; b) the exact contour represented by a number of trimmed surfaces of rational cubic
triangular patches; c) the global G' modification of the contour without changing its
topology.

To b): To avoid zeros in the denominator functions of the rational patches,
we have to make sure that the triangular approximation of the contour obtained
by the MC algorithm is topologically equivalent to the contour itself. This is
given by the extension of the MC algorithm of [130] and [139] which is treated
in section 3.5.2.2 .

Examples of the exact representation of the trilinear contour as described
in his section can be found in in the figures 3.19a, 3.19d, 3.20a, 3.22, 3.23d-,
3.24a, 3.27b, 3.33b — 3.39b.

Another way of representing a piecewise trilinear contour exactly is a de-
scription as subdivision surface as done in [31]. Assuming a topologically exact
Marching Cubes triangulation, this approach gives similar visual results to the
parametric approach shown in this section.

3.6 Higher Order Polynomial Interpolation

The exact contour of a piecewise trilinear contour is G*° continuous inside a
certain cell but only G continuous across the cell boundaries. Figure 3.27b
gives an example where the discontinuities across the boundary face of two
cells is clearly visible. These discontinuities have a significant influence on the
final shapes as shown in figures 3.33 — 3.39. In fact, for larger data sets the
improvements from the MC triangulation (3.33a — 3.39a) to the exact contour
(3.33b — 3.39b) are only marginal.

The discontinuities of the contours of the cell boundaries are due to the fact
that the underlying interpolated piecewise trilinear scalar field is only C° con-
tinuous itself. Applying a smoother interpolation of the scalar field makes the
contours smoother as well. Unfortunately, a higher order polynomial interpola-
tion of the scalar field may destroy the topology of the contours. The contours
obtained this way may have self-intersections and complicated topologies. Fig-
ure 3.25¢ gives an example of the contour of triquadratically interpolated scalar
field. The self-intersections here indicate that standard algorithms like MC are
not applicable here. In fact, no algorithm seems to be known that correctly
deals with higher order interpolations of volume data.

In [197] a piecewise tricubic interpolation of the cells is suggested. In this way
the authors obtain a globally C! continuous scalar field (and thus G* continuous
contours). Beside the fact that piecewise tricubic interpolation is rather time
consuming, no triangulation scheme is known for this kind of scalar field.
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Figure 3.28: a) 2D bilinear scalar field in the domain of a cell; shown are isoparametric
lines of the domain and one contour curve; b) apply a regular reparametrization p(z, y)
of the domain onto itself: isoparametric lines and contour line may change their shape
but not their topology.

In [22] 3D blending functions are used to eliminate the ”overshooting effect”
of the piecewise tricubic interpolation. Here too, appropriate surface extraction
algorithms are not available.

In [8], the application of higher order interpolations was studied for 2D scalar
fields. Here bicubic interpolations of the scalar field were used. To preserve the
topology of the original scalar field, ”damped partial derivatives” were used to
restrict the interpolation parameters.

Due to the problems of higher order interpolation described above we intro-
duce another approach here to get a globally G' continuous scalar field. This
approach is described in section 3.7.

3.7 Piecewise Trilinear Interpolation with Local
Reparametrization

We continue to search for globally G! interpolations of the scalar field which
ensures that the resulting contours are G' as well. As an additional condition
we demand that the resulting contours always have the same topology as the
contours of the piecewise trilinear scalar field. This makes sure that standard
algorithms such as MC are still applicable.

We achieve this by applying a local reparametrization of the domain of each
cell. Figure 3.28 gives an example for a reparametrization in 2D.

Given is a trilinear scalar field s(z, y, z) defined by (3.4) in the domain Cpgg =
[0,1]3. The definition of a continuous one-to-one map

p: [0,1 — 0,1
(z,9,2) — p(x,y,2) = (2p(2,9,2), Yp(z,9, 2), 2p(7,y,2))
]

creates a new scalar field s, over [0, 1]3

sp(z,y,2) = s(p_l(ﬂc,y,z))-

If a point (z,y, 2) lies on the contour s(x, y, z) = r, the point p(x, y, z) lies on the
contour sp(z,y,2) = r. Thus the contours of sp(z,y,2) = r can be computed
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Figure 3.29: a) the piecewise linear curve (w, s(x))” is G° continuous; b) the curve
(p(z), s(x))T is G* continuous, it has the same shape (but another parameterization)

as the curve (z, s,(z))7.

Figure 3.30: Estimate the rise ¢; in the point = ¢; a) ¢ = 0 if (¢; — ¢;—1) and
(Ci.i,-l — Ci) have opposite sign; b) éi = C; — Ci—1 if Ci — Ci—1 = Ci+1 — Ci; C) éi =0if
Ci = C;—1 O Cij41 = C4.

X X X

in a simple way: apply the map p to all contour points of s(x,y, z) = r. Since p
is continuous and one-to-one, the contours of s and sp have the same topology
for any r.

We have to find appropriate maps p for each cell of the piecewise trilinear
scalar field which makes it globally G' continuous. This way all contours are
G' continuous as well.

We consider an 1D example to explain how to choose the maps p. (Since in
the 1D example p is a scalar function from IR to IR, we simply write p instead
of p here.) Given are the scalar values ¢; which define a piecewise linear 1D
scalar field

s(r)=(1—=t)c;+teyr with i=[z], t=a — [z].

See figure 3.29a for an illustration. The curve (x, s(z))7 is piecewise linear and
thus G° continuous. We have to find a domain reparametrization p(z) in such
a way that the curve (p(x),s(x))T is G' continuous, and p(i) = 4, and p is
continuous and one-to-one. Figure 3.29b illustrates this.

To define p, we first have to estimate the tangent directions of the curve
(p(z),s(z))T at the junction points z = i. Let ¢; be the estimated rise of s at
x = i. We estimate ¢; by

== _Cf:ﬁ(;i_*f =< for (c; — ¢im1)(Cip1 — ) = 0
G = (3.20)

0 else.

Figure 3.30 illustrates special cases of this formula.
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Figure 3.31: Auxiliary functions of formulas (3.21) for defining p(t); the functions
p1(t), pa(t) are reparametrization of parabola segments; pa(t), ps(t) are cubic func-
tions.

Considering the interval [i,4 + 1], and using a local parameter ¢ € [0, 1] in it,
we obtain:

_ e L _s© o s()
s@)=0-t) ¢ +tcitr , Cl_p(o , CHl_p(l)'

=

This gives the following conditions for the monotonous function p(¢) in
te0,1]:
Cit1 — G

POI=0. =1 50 = sy = e

)

¢ Cit1
Since p(0) and p(1) can attain any value between 0 and +oo, p(t) cannot be
described by a polynomial function of a fixed degree.

We construct a monotonous reparametrization function p(t) out of four aux-

iliary functions p;(t), p2(t), p4(t), ps(t). These functions are illustrated in figure
3.31. The function p;(t) is obtained by reparametrizing the parabola defined

1
by the Bézier points by = < 8 >,b% = < %1 ),b% = ( 015 ) This gives

p1(t) = yi(z1 71 (t)) with < Zi((g > =27 , bl B?(t). Moving z} between 0.5

and 1, p; (1) ranges between 1 and +oc. The function py(t) = S°0_ y? B3(t) is
a cubic with y3 = 0,97 = 0,93 = 0.5. Moving 335 between 1/6 and 0.5, pa(1)
ranges between 1 and 0. Furthermore we have p;(0) = p2(0) = 0.

While p;(t) and p2(t) are used to control the rise of p at ¢t = 1, the functions
pa(t) and ps(t) are used to control the rise at t = 0. The function py(t) is
a reparametrization of the parabola za(t) ) = Y2, b B2(t) with b} =

Ya(t)

OV o= (71 ) = ) whichg t) = ya(wa=1(t)). Movi

o) "1™ 0.5 y D2 — 0.5 gives p4( ) - y4(l‘4 ( )) Ooving
21 between 0 and 0.5, p4(0) ranges between +oo and 1. The function ps(t) =
Z?:o y? B3(t) is a cubic with y§ = 0,45 = 0.5,y3 = 0.5. Moving y? between 0
and 1/3, p5(0) ranges between 0 and 1. Furthermore we have p4(1) = p5(1) = 0.

Now we can model the function p(¢) with p(0) = 0 and p(1) = 1 and given
values for p(0) and p(1) between 0 and 400 as a linear combination of p;(t),

pa(t), pa(t), ps(t):
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pi(t) i(l?pu)wa2p<1>>2+4tp<1><1p<1>>>2

8 (1-p(1))

) = 3P0 — 1)+ 5

_ (t) for p(1)>1
pslf) = { z;(t) for ggp(l) <1

) = 2t p(0) (1 — p(0)) + (1 — 2p(0)) (1 — /1T — 4t p(0) (1 — p(0)) )
B - 500
(3.21)

ps(t) = t(1—-)*p(0) + §t2 (1—t)+ %tS

_ (t) for p(0) >1
pelt) = { Z:(t) for gg p(0) <1
p(t) = p3(t)+pe(t).

Note that p;(t), p4(t) are reparametrization of a parabola segment while po(t),
ps(t) are cubic functions. Also note that

1 1
lim p(t)==t> lim H=1—-V1—-t— -t
p(l)zlpl( ) =3 p(l):+wp1( ) 5
1 1
lim pa(t)=t—=t> lim t)=Vt— =t
]_)(0):1174( ) 9 13(0):+<>op4( ) 5

Now we can apply this reparametrization to the 3D cells:
Given is a scalar field defined by (3.4) in the domain Cpop = [0, 1]3. To find
p(z,y,2) = (zp(z,y,2), Yp(2,y,2), 2p(2,y,2) ), we consider the functions

COz(yaz) = S(an7 Z) 3 clm(y7 Z) = S(l7y7 Z)
C*lz(yaz) = S(_]-vyaz) ) CQx(yaZ) = S(2,y72)

where c_1,, and ¢y, are computed of the scalars adjacent to the cell considered
here. The rise ¢y, (y,z) on the cell face z = 0 in z-direction is estimated by
(3.20) using the values c_1,(y, 2), 0. (¥, 2), c1(y, 2). In a similar way, the rise
C14(y,2) on the cell face x = 1 in z-direction is estimated by (3.20) using
the values ¢y, (v, 2), c14(y, 2), c2,(y, z). Then zp(x,y, 2) can be computed using
(3.21) with

t=x p(O):C'oz(y,Z) ’ p(l):élz(yvz) ’ p(t):xp(xv%z)-

Figure 3.32 gives an illustration. The reparametrization in y— and z—direction,
yp(x,y, z) and zp(x,y, z), are computed in a similar way.

The reparametrization introduced above is applied locally to all cells of the
data volume. The global reparametrization p(z,y, z) obtained this way gives a
globally G scalar field sp(x,y, z). Thus all contours of s, are G! as well. See
figure 3.27c for an example.

Also note that sp preserves linearity: if s is linear in a certain cell (i.e. if the
contours of s in this cell are plane segments), sp is linear in this cell as well.
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Figure 3.32: The reparametrization xp(z,y,2) in z-direction is computed using co,,
and ci,. Co, is estimated by c_1,, cos, c1, while 1, is estimated by coy, €14, C24-

a) b) ¢)

Figure 3.33: Scalar field s(z,y,2) = x? + 3> + 2% , sampled by a 3 x 3 x 3 grid in
the domain [—1,1]*, 7 = 0.9; a) Marching cubes; b) exact contours; c) globally G*
contours.

The isosurface extraction algorithm for the scalar field sp is simple. We
apply an isosurface extraction algorithm in s and apply p to all points of the
contour.

Results:

We applied the algorithms to construct the exact contour of (3.4) and (3.5)
(described in section 3.5.2.3) as well as its G''-reparametrization (described in
section 3.7) both to theoretical and practical data sets.

One result was already shown in figure 3.27. Figure 3.27a shows the MC
triangulation of two adjacent cells for a certain threshold. Figure 3.27b shows
its exact contour while figure 3.27c shows the result of the G reparametrization.
We can clearly see the higher continuity of the contour in figure 3.27c.

Figure 3.33 shows the scalar field s(x,y, z) = 22 +%y?+ 22 which is sampled by
a 3x3x 3 grid in the domain [—1, 1]3. Obviously the contours of s are concentric
spheres. Figure 3.33a shows the result of the MC algorithm for » = 0.9: the
sphere is approximated by 8 triangles. Figure 3.33b shows the exact contours
of the piecewise trilinear interpolation. Although this shape comes closer to
a sphere, we can still see discontinuities of the surface across the faces of the
cell. Figure 3.33c shows the G reparametrization of the exact contour of figure
3.33b. Note that this is not an exact sphere although it almost looks like one.

Figure 3.34 shows a 5 x 5 x 5 hexahedral grid with random scalar values
between 0 and 1 at the grid points, and » = 0.5. Figure 3.34a shows the result
of the topologically exact Marching Cubes algorithm where the triangles inside
a cell are Phong shaded. Figure 3.34b shows the exact contour of the scalar field.
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Figure 3.34: 5 x5 x 5 random volume data set; a) Marching cubes; b) exact contours;
c) globally G contours.

Figure 3.35: Downsampled data set of figure 3.25a ; a) Marching cubes; b) exact
contours; ¢) globally G contours.

We can clearly see the discontinuities of the surface across the cell faces. These
discontinuities disappear in the G'! reparametrization shown in figure 3.34c.

Figure 3.35 shows a downsampled version of the data set of figure 3.25a.
Originally consisting of 256 x 256 x 109 grid points, this version has only a
51 x 51 x 35 grid resolution. The result of the MC algorithm shown in figure
3.35a consists of 93.636 triangles and shows clearly a "staircase effect” due
to the low sample rate. The exact contour in figure 3.35b shows hardly any
visual differences to figure 3.35a. The G! reparametrization of figure 3.35¢
looks smoother but still has the ”staircase effects”. In fact, figure 3.35¢ seems
to emphasize the ”staircase effects” more than 3.35a and 3.35b. This due to the
fact that the ”staircase effect” appears at locations of rapidly changing gradients
of the scalar field. Figure 3.36 gives an illustration.

Figures 3.37 and 3.38 show inner details of the data set shown in figure 3.25a.
There are only few visual differences between the MC results (figures 3.37a,
3.38a) and the exact contours (figures 3.37b, 3.38b). The G reparametrizations
(figures 3.37c, 3.38¢) look significantly smoother.

Figure 3.39 shows a magnified detail of figure 3.38. Again the G' contour
(figure 3.39¢) looks smoother than the exact contour (figure 3.39b) and its MC
approximation (figure 3.39a).

We conclude that in most cases the exact contour of a piecewise trilinear
scalar field gives only slight visual improvements against the MC approximation
if the MC triangles are rendered using Phong shading. The G' contour gives
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Figure 3.36: ”Staircase effect”: grid points marked with solid points have isovalue of
1, grid points marked with hollow points have isovalue of 0; relative to cells containing
only scalar values of either 0 or 1, the gradient of the scalar field changes rapidly
in cells which contain both vertices with 0 and 1 scalar values; a) piecewise linear
approximation of isoline; b) the G* reparametrization smooths out the isosurface but
does not eliminate the ”staircase effect”.

% %%

Figure 3.37: Inner detail of the data set of figure 3.25a; a) Marching cubes; b) exact
contours; ¢) globally G contours.

improved visual results for low resolution volume data.

Even if the G' reparametrization looks smoother, it is not able to remove
the ”staircase effects” in volume data (see figure 3.35). This is due to the fact
that this effect appears at regions with high changes of the gradient of the scalar
field, i.e. it is due to second order information of the scalar field. Since the G!
reparametrization deals only with first order information, it cannot handle the
"staircase effect”.

The computation of the exact contours and their G' reparametrization is
not useful for any volume data. In fact, the number of triangles produced by
the Marching Cubes algorithm must not be too high because the exact contour
increases the final number of triangles. Also, smoothness should be one of the
desired quality criteria of the isosurfaces. This is the case for the example data
set figure 3.35, 3.37-3.39 but may not appear for other data sets.

3.8 Piecewise Trilinear Interpolation of
Larger Areas

In section 3.5.2.2 we treated algorithms to speed up the Marching Cubes al-
gorithm and decrease the number of resulting triangles. The approaches intro-
duced in this section have essentially the same goal. In contrary to the methods
in section 3.5.2.2; this is achieved by applying different interpolation schemes of
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a) i b) | ¢) [
Figure 3.38: Inner detail of the data set of figure 3.25a; a) Marching cubes; b) exact
contours; ¢) globally G' contours.

a) , b) ’ 9) ;
Figure 3.39: Detail of figure 3.38; a) Marching cubes; b) exact contours; c) globally
G contours.

the volume data before starting an isosurface extraction algorithm.

The main idea is to apply interpolations not on the cells but on certain larger
areas.

One solution is to apply an adaptive tetrahedrization of the scalar field as
introduced in [82] and [161]. There the scalar field is converted into an irregu-
lar tetrahedral grid. Different splitting criteria are discussed. The application
of standard isosurface extraction algorithms like marching tetrahedra gives a
coarser triangular representation of the scalar field than in the Marching Cubes
case. Unfortunately, for the isosurface extraction on irregular tetrahedral grids,
cracks in the approximated contour may appear. They can be prevented by a
simultaneous subdivision of adjacent cells ([82]) or by using tetrahedral coons
volumes instead of linearly interpolated tetrahedra ([92]).

In [136] and [179] a ”splitting box algorithm” is introduced which performs
the Marching Cubes algorithm not on the grid cells but on parallelepipedal
collections of cells called boxes. Since a box generally consists of more than
one cell, the number of boxes is smaller than the number of cells. Thus the
application of the Marching Cubes algorithm to the boxes instead to the cells
may give fewer triangles in a shorter time.

In [136] and [179] the structure of boxes was built top-down. Beginning with
the whole scalar field as one box, bisections of the boxes were applied until a
certain criterion was fulfilled or the cell level was reached. The bisection criterion
there is a check that the isosurface computed in the box does not differ more
than a cell distance from the isosurface computed by the cell-by-cell algorithm.
Thus the subdivision criterion used there is threshold dependent. Changing the
threshold, the structure of boxes has to be completely rebuilt. In [136] and
[179] the performance of the splitting box algorithm is compared to the classical
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Figure 3.40: a) Trilinear interpolation in each cell for the MC algorithm; b) collect
cells to bricks may speed up the MC algorithm.

a) = b) ) c)
] ) A

Figure 3.41: a) two cells and their contours for a certain threshold; b) merging the
cells from a) and applying MC to the new brick gives a contour with the same topology
as in a); ¢) monotony conditions for two cells to be mergeable.

Marching Cube algorithm. Unfortunately, no comparison was made with the
improvements of the Marching Cubes algorithm discussed in section 3.5.2.2.

In [118] we introduced a similar approach to [136] and [179]. There the
box structure is built bottom-up: cells are merged to boxes (called ”bricks” in
[118]). The merging criterion used there is threshold independent. Thus the
brick structure is built in a preprocessing step and can be reused after changing
the threshold. Figure 3.40 gives an illustration of a brick structure.

In [118] we allow a number of cells to be merged to a brick if the topology
of the contour in the original cells and the brick coincides for every threshold.
Figure 3.41a and b gives an example.

To give a geometric condition for two cells to be mergeable, we give the
following

Theorem 2 Let s1(z,y,2) be the piecewise trilinear scalar field defined in the
domain D =[0,2] x [0,1] x [0,1] as illustrated in figure 3.42a. Furthermore, let
so(x,y, z) be the trilinear scalar field defined in D as illustrated in figure 3.42c.
Then the contours of s1 and sy have the same topology for any threshold if the
following condition is satisfied:

(co0o < €100 < €200) A (coo1 < 101 < €201)
A (co10 < c110 < €210) A (co11 < c111 < ¢211). (3.22)

Proof: We have to find a reparametrization r(z,y, z) of D which transforms the
piecewise trilinear field of figure 3.42a into the scalar field illustrated in figure
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Figure 3.42: a) scalar field s1(x,y, 2); b) s1(r~*(z,y,2)); ¢) s2(x,y, 2).

3.42b. Then we have to show that this scalar field coincides with the field so
shown in figure 3.42c. Introducing the auxiliary functions

co(y,2) = (1 —=y)(1—=2)cooo +y(1 — 2)cor0 + (1 — y)zcoo1 + yzco1n

ca(y,z) = (1—y)d—=2)cioo+y(l —2)cio+ (1 —y)zcio1 + yzeinn

co(y,2) = (1—y)(1 — 2)cao0 + y(1 — 2)ea10 + (1 — y)zc201 + Y211
cly,z) = 5 018:2) = co(y, 2) (3.23)

02(y7 Z) - CO(y7 Z)

the scalar fields s; and s, can be expressed as

sy 2) = { (1—2) co(y,2) +x-c1(y, 2) for 0<z<1
1 2—x) c1(y,2) +(x—1)-ca(y,2) for 1 <z <2
so(@,y:2) = (1= 3) o) + 5 - ea(y, ) (3.24)

It is sufficient to show that s; and s; can be transformed into each other by a
regular one-to-one reparametrization r of the domain D. We choose

I‘(z,y,z) = ($r(x,y,2),y,2)
_ x-c(y, z) for 0<z<1
w(@9,2) = { 2—2)-cly,2)+(x—1)-2 for 1< <2’ (3.25)

From (3.22) and (3.23) we get that co(y, 2) < ¢1(y,2) < ca(y, z) for any y,z €
[0,1]. This and (3.23) gives that 0 < ¢(y, z) < 2 for any y, z € [0,1]. This makes
sure that the reparametrization r defined by (3.25) is regular and one-to-one.
In particular we have r(D) = r~1(D) = D where

vl (zy,2) = (0 (2,9,2),0,2)
—z for 0 <z <c(y,z)
-1 _ c(y,z) ’
T, (T,Y,%2 - z—2-(c(y,z)— 3.26
( ) { 722;(&2)) D for c(y,z) <z <2 ( )

is the inverse function of r(x,y,z). Then (3.24) and (3.26) give

Sl(ril(ajvyv Z)) = 52<x’yv Z)

which proves the theorem.

Theorem 2 states that merging is possible when the scalar values increase
monotonously in z-direction. A similar statement can be made for monotonously
decreasing values in z-direction, and for monotonously increasing (decreasing)
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Figure 3.43: a) result of the MC algorithm; b) application of the MC algorithm
after a threshold-independent simplification of the data set described in [118] gives a
reduction of the number of triangles to 14% (from [118]).

values in y- or z-direction. Figure 3.41c illustrates the monotony condition
which allows a merging as shown in figure 3.41b.

As a generalization of theorem 2 we get the following conditions to merge a
box of cells:

Theorem 3 Let s1(z,y, z) be the piecewise trilinear scalar field which is defined
by the scalar values ¢; ji (i = by -cyley, J = JbyeesJes k = kb, ..., ke) and the
regular normalized grid x; jx = (i,7,k)Tin the domain D = [ip,ie] X [jp, je| ¥
[kp, ke]. Furthermore, let so be the trilinear scalar field defined in D by the
eight scalar values ci, j, kys Cicjykys Ciygekys Ciejerkys Cipdykes Ciegokes Cipjerkes
Ciu jo,ke- Then the contours of sg and s1 have the same topology for any threshold
r if the following conditions are satisfied:

Cij,k Ox Citl,4.k for = ib, ~”7ie - ]-7 .7 = jbu ~~~ajev k= kba "'7ke
Cij,k Oy Cij+1,k for i =1, cyley J = Jby s Je — 1, k= kba ceny ke

Cijk Oz Cijk+1 for @ =1dp,.ccsiey J = Jby s Jes kK =kpyoors ke — 1
with o4, 04,0, € {>,<}.

In [118] a number of strategies for merging cells to a brick are discussed.

The result of the MC algorithm to the merged cells is a simplified contour
which may contain cracks. After removing these cracks (as done in [118]), the
original MC contour and the simplified one always have the same topology.

Figure 3.43 shows the result of the Marching Cubes algorithm to a brick
structure built following [118]. The triangular mesh resulting from the brick
structure (including crack removal) was 14% of the number of triangles produced
by the original Marching Cubes algorithm. (The test data set used here is part
of the VTK distribution - see [165] )

In [118] there is a comparison of the performance of the brick structures to
the improved Marching Cubes approaches discussed in section 3.5.2.2. It turned
out that in most cases the algorithms in section 3.5.2.2 are superior concerning
the mesh reduction rate, visual appearance of the mesh, and computing perfor-
mance. Nevertheless [118] gives a first approach to simplifying volume data for
isosurface extraction threshold independently.



Chapter 4

CAGD for Flow
Visualization

Since the very beginning of Scientific Visualization, flow visualization has been
one of its main topics. Flow data comes from numerical simulations (CFD -
computational fluid dynamics), or from experiments and measurements.

Flow data consists of a finite number of sample points x; in the 2D or 3D
Euclidian space, and a number of velocity vectors vi (2D or 3D) where each
vector is assigned to exactly one sample point:

F={(xj,vi) €IE" xIR" :i € G and G finite} (4.1)

with n € {2,3}. The sample points x; may lie on a certain grid, or they may
be scattered in 2D (3D).

A 2D vector field on a regular grid is defined by G = {(0, ..., ng) % (0, ..., ny) }.
Figure 4.1a gives an illustration of this with n, = n, = 4. Figure 4.1b shows an
example of scattered flow data with G = {1, ...,6}.

Following the classification of scientific data in [23], flow data can be de-
scribed as E[ln‘]/ with n € {2,3}.

The definition of flow data given in (4.1) can be generalized in some ways.

e The measurement or simulation of flow data may not only give one vector
per sample point but also additional information (scalars, vectors) in each
sample point. This additional information may be measures like pressure
or temperature. For the investigations in this chapter we focus on the
velocity vector in each point and omit the additional information.

e A flow data set may be considered as time dependent (unsteady). Here
we additionally consider a finite number n; of time steps. At each time
step a (possibly different) vector vi;, is measured or observed. Thus an
unsteady flow field can be formally described as

F = {(xi,(Vi,0, -, Vin,)) € E" x (R")™*! i€ G and G finite} (4.2)

where n € {2, 3} is the dimensionality of the flow and n; + 1 is the number
of time steps. !

ITheoretically it is possible to also vary the location of the sample points over time. Since

67
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Figure 4.1: a) flow data on a regular grid; b) scattered flow data.

Figure 4.2 shows the pipeline for the process of flow visualization which we
consider here. This pipeline follows [152] but emphasizes the interpolation step
by considering it as a process of is own. This is justified by the fact that the
interpolation of the flow data is a very significant data conversion step in the
visualization process.

In figure 4.2 we recognize the usual steps of the visualization pipeline (see
section 2.3.1). The filtering step works on the raw flow data. Here noise reduc-
tion, data selection or data completion may be done. Also data conversions (for
instance the conversion of curvilinear grids to regular grids) may apply here.
Overviews on filtering operations for flow data can be found in [152], [64] and
[167].

The interpolation step of the visualization pipeline of flow data converts the
flow data defined by (4.1) into a vector field. A vector field v can be defined as

v:E—R" (4.3)

with n € {2,3} is the dimensionality of the vector space and E C IE" is a
closed, compact subset of IE". For converting flow data described by (4.1) into
a vector field described by (4.3), E may be chosen as the convex hull of the
sample points:

E = conv({x; :i € G}). (4.4)
The interpolation process can be formulated as searching a vector field v with
v(xi) =v; forallie G. (4.5)

In the mapping step of the visualization pipeline a suitable visualization
technique for the vector field and a certain set of interpretation aims have to
be selected, and an arrangement of the parameters of the technique has to
be specified. The resulting geometric primitives are finally rendered in the
rendering step of the pipeline. A detailed description of the visualization pipeline
of flow data can be found in [152] and [167].

It is the purpose of this chapter to study the application of CAGD methods
in flow visualization. We see these applications in three ways:

practical unsteady flow data sets are defined on a fixed grid, we do not consider this extension
here.
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Figure 4.2: Pipeline for flow visualization.

e The interpolation of flow data is a critical part of the visualization process
of flow data. Since interpolation issues are well studied in the CAGD
context, the results obtained there can be used to study the interpolation
problem of flow data. We do so in section 4.2.

e To visualize flow data, a number of techniques exist which are based on
the application of curves and surfaces. We study these in section 4.3.

e Similar to the design of curves and surfaces in CAGD, flow data can be
obtained not only by measurement and simulation but also by design.
We discuss the design process of flow data and its usefulness for flow
visualization in section 4.4.

Before starting to study these three applications of CAGD methods in flow
visualization, we summarize important properties of vector fields in section 4.1
to build a base for the sections 4.2-4.4.

4.1 Properties of Vector Fields

Collecting properties of a vector field, we start with the simplest case: a steady
2D vector field

v: B, — TR? (4.6)
u(z,y)
T, —
en = ()
where Fs is a closed and compact subset of IE?. Furthermore we assume v to be
continuous and differentiable. Then the partial derivatives of v can be written
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as
e = (EC )= ()
win=((F00 )= ()

Higher order partials can be computed similarly. The Jacobian matriz J is a
2 x 2 matrix which is defined in every point of the domain of the vector field by

T () = ( Uz (2,y)  uy(2,y) ) (4.8)

Uw(xay) ’Uy(l‘,y)

The determinant of Jy is called Jacobian of v.

A point xg € Es is called a critical point iff v(xo) = (0,0)7 = 0 and v(x) # 0
for any x # xq in a certain neighborhood of xq.

A tangent curve s(t) of the vector field v is a curve in Fy with

5(t) = v(s(t)) (4.9)

for any ¢ of the domain of s. In (4.9), § denotes the tangent vector of s. Con-
sidering the vector field v as the velocity field of a steady flow, a tangent curve
describes the path of a massless particle set out at a certain location in the flow.
Thus the tangent curve in a steady vector field is also called stream line.

Tangent curves do not intersect each other (except for critical points of v).
Given a point in the flow, there is one and only one tangent curve through it
(except for critical points of v).

4.1.1 Classification of critical points

To classify a critical point in a 2D steady vector field, sectors of different flow
behavior around it have to be considered. Three kinds of sectors can be distin-
guished ([57]):

e In a parabolic sector either all tangent curves end, or all tangent curves
originate, in the critical point. Figure 4.3a shows an example.

e In a hyperbolic sector all tangent curves go by the critical point, except for
two tangent curves making the boundaries of the sector. One of these two
tangent curves ends in the critical point while the other one originates in
it. Figure 4.3b shows an example.

e In an elliptic sector all tangent curves originate and end in the critical
point. Figure 4.3c shows an example.

A critical point in a 2D vector field is completely classified by specifying number
and order of all sectors around it. Consider figure 4.4a% for an example. This
critical point consists of 7 sectors in the following order: hyperbolic, elliptic,
hyperbolic, elliptic, parabolic, hyperbolic, hyperbolic.

2The visualization technique used for this (and the following) illustrations is called Inte-
grateéDraw and is described in section 4.3.3.2. For now it is sufficient to mention that the
behavior of the tangent curves can be detected quite well in this visualization.
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Figure 4.3: Sectors of a critical point; a) parabolic sector; b) hyperbolic sector; c)
elliptic sector (from [205]).

b)

tangent
curve

Figure 4.4: a) general critical point; b) tangent curve separating two hyperbolic
sectors.

The different sectors are delimited by tangent curves originating or ending
in the critical point. Figure 4.4b shows such a tangent curve delimiting two
hyperbolic sectors.

Each critical point can be assigned an indez:

—ny,

index =1+ e —Mh

. (4.10)

where n. is the number of elliptic sectors and ny, is the number of hyperbolic
sectors. The index can also be interpreted as the number of counterclockwise
revolutions made by the vectors of v while traveling counterclockwise on a closed
curve around the critical point (the closed curve must be so tight to the critical
point that no other critical points are inside it).

The index can be considered as an overview of the complexity of a critical
point but does not cover the complete classification: there are critical points
with different sectors but the same index. For instance, both critical points in
figures 4.4a and 4.21 have an index of 0.

An further introduction to the classification of 2D critical points and their
indices can be found in [57].

A critical point xq in the vector field v is called a first order critical point iff
the Jacobian does not vanish in xq; otherwise the critical point is called higher
order critical point. As shown in [87] and [88], the classification of critical points
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Attracting Attracting
node focus
R1,R2<0 R1=R2<0

H=12=0 H=-12<>0

Saddle Center
point R1=R2=0
R1<0 H=-12¢0
R2>0
H=12=0
Repellint Repeliing
n%de o focus
R1,R2>0 R1=R2>0
t=2=0 1=-2<>0

Figure 4.5: Classification of first order critical points; R1, Rz denote the real parts of
the eigenvalues of the Jacobian matrix while I1, Io denotes its imaginary parts (from
87).

xo = (2o, ¥yo) in the vector field v simplifies if xq is a first order critical point.
In this case a first order Taylor expansion

N < uz(Xo)  uy(Xo) ) ) ( T —Zo ) (4.11)

vz (X0) Uy(Xo) Y — Yo

of the flow around xg is sufficient to obtain the complete classification of it.
(4.11) ensures that

T4 (x0) = Jup , (X0)- (4.12)

It turns out that for det(Jy(x¢)) < 0, the critical point xo consists of 4 hyper-
bolic sectors and therefore has an index of -1. A critical point of this classifica-
tion is called a saddle point. In this case the eigenvectors of Jy(x¢) denote the
delimiters of the hyperbolic areas around xq. For det(Jy(xg)) > 0, the critical
point x¢ consists of one parabolic sector and therefore has an index of +1.

This classification of a first order critical point xg with an index of +1 can
be refined by considering the eigenvalues of Jy(x¢). Let Ri, Ry be the real
parts of the eigenvalues of Jy(xg), and let I1, I be the imaginary parts of the
eigenvalues of Jy(xg). Then the refined classification following [87] is shown in
figure 4.5. Note that positive real parts denote a repelling behavior of the flow
while negative real parts indicate an attracting behavior. Non-zero imaginary
parts denote a circulating behavior of the flow.

4.1.2 Separatrices

Separatrices are tangent curves that divide the vector field into areas of different
flow behavior. Different types of separatrices are possible:
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Figure 4.6: Types of separatrices; a) separatrix not touching a critical point (type 2);
b) separatrix not separating different sectors in the critical points (type 3); ¢) inner
separatrix is closed curve (type 4).

1. Each tangent curve originating/ ending in the critical point and separating
two sectors there is a separatrix. Figure 4.4b illustrates a separatrix which
separates two hyperbolic sectors of a critical point.

2. Separatrices may not touch any critical point. They may go ”from in-
finity to infinity” (or from one border line of the vector field to another
one). Figure 4.6a shows a vector field which consists of two attracting foci
(see classification in [87] and figure 4.5). The separatrix between the two
critical points does not touch any of them.

3. Separatrices may originate/ end in a critical point without separating
sectors there. Figure 4.6b gives an example of this. Here we have one
repelling node (middle) and two attracting nodes (left, right). Since each
node consists of only one parabolic sector, the separatrices shown in the
figure do not separate different sectors there.

4. Separatrices may be closed curves which do not touch any critical point.
Figure 4.6¢ gives an example. Here we have two critical points: a saddle
point and an attracting focus. The outer separatrix originates and ends
in the saddle point and is therefore a separatrix of type 1. The inner
separatrix of type 4 separates a region of inflow into the attracting focus
and a region of circulation around the attracting focus.

Separatrices of the type 1 were already treated in [87]. In [112] it was shown
that there exist more general separatrices. [195] gives an approach to extract
some of them by introducing and treating critical points at infinity. However,
the classification made above seems to cover all kinds of non-trivial separatrices
treated in [112] and [195].

4.1.3 Topology of a 2D vector field

The topology of a 2D vector field denotes one of its most important features.
It is completely described by detecting and classifying all critical points, and
finding all separatrices. The topology of a vector field describes the behavior of
the whole vector field in terms of only a small number of items. Thus it is a
useful tool for analyzing and visualizing vector fields. Vector field visualization
techniques which make use of the topology are discussed in section 4.3.2.1. The
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Figure 4.7: Rotated vector fields; if the solid arrows denote the vector field v, the
dashed arrows denote the vector field v(T! (from [185]).

topology of vector fields can also be used to define distance functions of vector
fields. This will be discussed in section 4.1.6.

In the following we call a vector field topology which consist only of first
order critical points and separatrices of the type 1 a simple topology. Simple
topologies can extracted automatically using the approaches in [87].

4.1.4 Rotated and domain rotated vector fields

This section introduces two ways of obtaining a new vector field from a given
one: rotation and domain rotation. Both concepts will later be used to define
distance functions on vector fields (see section 4.1.6).

The concept of rotated vector fields was introduced in [185]. Given a vector
field v, a new vector field vl can be obtained in the following way: for every
point (x,y) in the domain, the direction of v(z,y) is rotated counterclockwise
by the angle « while the magnitude remains unchanged. Figure 4.7 gives an
illustration of vIil.

The rotated vector field v can be computed from v by

] _ [ cosy —siny |
v <x’y)_<sm’y COS")/ ) v(:c,y). (413)

A special rotated vector field is the perpendicular vector field v of v which is
defined as

vt = viEl = ( ~v(@,y) ) (4.14)

u(w,y)

The rotation of a vector field keeps locations and indices of the critical points
unchanged. All other components of vector field topology may change under
rotation.

The concept of domain rotation of a vector field describes the rotation of the
domain of the vector field - including the vectors - around a critical point. This
way the tangent curves are rotated around the critical point as well.

Given the vector field v(z,y) with a critical point x¢ = (20, 3o), the domain
rotated vector field v{®*0) which is obtained by a counterclockwise domain ro-
tation around xg by the angle § can be written as
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a). b). c). d. | .
Figure 4.8: Domain rotated vector fields around a critical point xo; a) v = v{®*0);
b) v{Exo), ¢) viExo), d) v(%”,xo); e) v{5x0)

(5:x0) _ cosd —sind |
Ve = (sin5 cosd (4.15)

v (@ = o) (528 ) 4 ).

sind  cosd

Figure 4.8 shows example of domain rotated vector fields.

A domain rotation of a vector field v around the critical point xg keeps only
the location of xg while the locations of other critical points change. Neverthe-
less the classification of the critical points (see section 4.1.1) remains unchanged.

4.1.5 Derived measures

Given a 2D vector field, a variety of measures can be derived from it which may
be used for visualization purposes ([152], [64]):

e magnitude ||v|| = vVu2 + v?
e velocity gradient Vv = (ug, v,)T

o divergence div(v) =V v =1u, + v,
where V denotes the Nabla operator V = (=L, %)T. An introduction to the
concepts of V and div can be found in [38].

Vector fields v with div(v) = 0 are of special interest: they describe an
incompressible flow. For such a vector field, a scalar field s(x,y) can be found

in such a way that tangent curves of v coincide with the equipotential lines of

s, ie. Vo) ( —s,(z,) ) (4.16)

s2(2,y)

The scalar field s is sometimes called stream function.

Another derived measure of a vector field is its curvature, which was studied
in [185]. Starting from the observation that for each point in the flow there is
exactly one tangent curve through it (except for critical points), we compute
the curvature of the tangent curve in each domain point of the vector field.

Given a (non-critical) point (zg,¥o) in v, let s be the tangent curve through
(20,y0). Furthermore, let s be parameterized in such a way that

s(to) = (z0,%0) (4.17)
s(to) v(s(zo,Y0))- (4.18)



76 CHAPTER 4. CAGD FOR FLOW VISUALIZATION

(8(t) denotes the tangent vector of s(t)). Then we can compute the second
derivative vector § of s at to by applying the chain rule to (4.18):

8(to) = (u- vy + v - vy) (%o, Yo)- (4.19)
Now we can easily compute the signed curvature of s in (zg, yo):

_ det [s(to), 8(to)]
K00 = —egp

(4.18), (4.19) and (4.20) have the following consequence: in order to compute
the curvature of a tangent curve in a certain point of a vector field it is not
necessary to know the tangent curve itself. It is sufficient to know the vector
field v and its first order partials.

Inserting (4.18) and (4.19) into (4.20), we obtain a simple formula for the
curvature of the tangent curve in every point of the vector field:

(4.20)

u - det[v,vy] + v - det[v, v,]
[[v®

(4.21) describes a scalar field in the domain of the vector field v. This scalar
field describes the curvature of the tangent curve in every point of the domain.
In [185], this scalar field x(v) is called the curvature of the vector field v. k(v)
is only defined for non-critical points. It does not depend on the magnitudes
of the vectors in v. For the perpendicular vector field v we can compute its
curvature by inserting (4.14) into (4.21). This way we obtain

k(v) =

(4.21)

1y = u - det[v,v,] — v - det[v, v,] (4.22)
[[v]?
In section 4.3.3.3 the application of the curvature of vector fields for visual-
ization is discussed.

k(v

4.1.6 Metrics on 2D vector fields

In this section we study distance functions on vector fields. This issue recently
became evident for the assessment of compression algorithms for vector fields.
To evaluate a compression algorithm, the distance between the original and the
compressed vector field has to be considered.

One approach for a distance function on vector fields is to consider the local
deviation of direction and magnitude of the flow vectors in a certain number
of sample points. The vector field compression algorithms in [86] and [183] are
based on this approach. These distance functions give a fast comparison of
vector fields but do not take their topologies into consideration. In fact, two
vector fields with a significant different topology (and therefore different flow
behavior) may have a short distance to each other.

A first approach to find a distance function which is based on the topology
of vector fields is introduced in [122]. Here the critical points of the vector
fields to be compared are detected and matched: for each critical point in the
first vector field a corresponding critical point in the second vector field has to
be found, and vice versa. Then the distances between all corresponding critical
points are compared: their summation gives the distance of the two vector fields.
This way the computation of the distance of two vector fields is reduced to the
computation of the distance of critical points.
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Figure 4.9: Classification of first order critical points in (o, 3) phase plane (following
[122]): RS (repelling star), RN (repelling node), D (degenerate - not a first order
critical point), S (saddle), AN (attracting node), AS (attracting star), AF (attracting
focus), C (center), RF (repelling star).

4.1.6.1 The (a,3) phase plane

The conceptional idea of how to compute the distance of two critical points in
[122] is to compute the amount of work which must be performed to transform
one critical point into the other. In [122] only first order critical points xg in a
vector field v are considered. Based on the Jacobian matrix Jy(xo), the critical
point x( is mapped into an (a, §) phase plane by

p = div(v)(x0) = (uz + vy)(%0)

q = det(Jy(x0))

& = p (4.23)
3 = sign(zf—ﬁlq)- 1(p? — 4q]

YT e

5 - B

Jazrv

This way the first order critical point xq is mapped onto the unit circle in the
(a, ) plane.

Figure 4.9 shows the relation between the classification of first order critical
points in [87] (shown in figure 4.5) and the location in the («, ) phase plane.
Note that the additionally introduced classes of critical points, attracting star
and repelling star, correspond to the conditions

attracting star: Ry =Ry <0, [1 =1,=0
repelling star: Ry =Ro >0, 1 =1,=0

in [87]. Then the distance of two first order critical points is simply the Euclidian
distance of their corresponding points in the («, 3) plane. This distance is called
EMD (earth mover’s distance) in [122].

The (a, ) phase plane in [122] has a number of useful properties which
correspond to the intuition of the distance of critical points:
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e Invariance under scaling of the vector field. The critical point x¢ of the
vector field A - v with A > 0 has the same («, 3) coordinates as x¢ in v.

e Invariance under domain rotation of the vector field around the critical
point. The (¢, 8) coordinates of the critical point x¢ in the domain rotated
vector field v(%*0) does not depend on the angle 4.

However, the (a, 3) phase plane of [122] also has properties which do not corre-
spond to intuition:

e Inconsistent treatment of inverted vector fields. Given a first order critical
point xq in a vector field v, a certain amount of work is necessary to con-
vert this critical point into the critical point of the vector field —v. Figure
4.10 shows an example of inverting a center and a repelling star. The
inverse of the center is a center as well and has therefore the same (a, )
coordinates of (0,—1). The inversion of the repelling star (coordinates
(1,0) in (o, B) space) is an attracting star with the (o, ) coordinates of
(—1,0).

e Collapsing of critical points with different flow behavior (but similar topol-
ogy concerning [87]) into the same location in («, ) space. To illustrate
this, figure 4.11 shows the critical point (0, 0) of the linear vector field

cos —sin
Vo) = (7 ).

siny  cosvy —1_2my

1-2r

for 18 different choices of v and r. In particular, v and r have been chosen

as

. ™ AN T 1.
a):y=735,r=1 b)iy=-3,r=1

. z - . . _ _ .
C)-7—§7T_0'85 d)fy__g’fr_OS’

) = - . . _ T _ .
e): 7y 5,7 = 0.6; f)~7**§77"*0-6a

C o~ = -1 _ . = T p— 1
g)"Y*O’T*HsiiFW’ h):y= 877"*1+§iin27’
N m o N ey T
1)"7_8’7a_1+si£12’y’ ‘])'7_ g’r_l-l-SiIiZ"/’

. _ T _ . . — 97 — :
k)'7*4ar*1+sin2w )i = 8 "= Txsin?y)

T o 1. =T p=_1

Hl) =3,r= 2 sinZ~ ) n) T=TyHT = 2 sin? 7’
0):y=T r=sdit p)iy=—T = 1

Ly 30 2sin12’y’ p)+7 537 25111277

. __ b _ . — ™ =
Q) Y 1_7T_251n2'y’ 1") 7__ﬁ7r_251n2“/

This way the critical points in figures 4.11a-f have (a, 3) coordinates of
(0, —1); the critical points in figures 4.11g-1 have (a,3) coordinates of
(1,0); and the critical points in figures 4.11m-r have (a, 3) coordinates of

)
(@ —@) This contradicts the observation that for instance the figures
4.11j and 4.11p are visually more similar than the figures 4.11m and 4.11p.

In [13] the approach of [122] is extended by considering not only the critical
points but also their connectivity. This way the distance of two vector fields
is not the sum of the distances of the critical points but the distance of two
graphs, in which the nodes describe the critical points, and the edges describe
the connectivity.
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Figure 4.10: Inverted vector fields in («, 3) plane; a) center with (a, 3) coordinates
(0, —1); b) inverse vector field of a) has the same (e, 8) coordinates; c) repelling star
with (a, ) coordinates (1,0); d) inverse vector field of ¢) has the (a, 3) coordinates

m). n). 0)‘ I. q. '
Figure 4.11: Different critical point with the same («,3) coordinates; a-f: (a,f3)
coordinates (0, —1); g-1: (o, 8) coordinates (1,0); m-r: («, 3) coordinates (@, —g)

a)

4.1.6.2 The (v,r) phase plane

In this section we introduce a new metric for first order critical points which
does not have the disadvantages of the («, 3) phase plane described above. We
follow the conceptional idea of [122] that the distance of two critical points is the
amount of work which must be performed to transform one critical point into
the other. We base our approach on two concepts: the rotation of a vector field
(see section 4.1.4) and the scaling of the vector field into one direction. Both
operations perform a parameterized transformation between different critical
points and can therefore be interpreted as the amount of work to transform one
critical point into another.

The idea is to distinguish only between first order critical points which can-
not be transformed into each other by scaling and domain rotation. To do so,
we introduce the following definitions.

Given are two vector fields v and w which both have a first order critical
point in xq. The vector fields v and w are domain rotation equivalent in xg
(written (v,Xg) ~dre (W,Xq)) iff their first order Taylor expansions around xg
(see (4.11)) can be transformed into each other by scaling and domain rotation,
ie.



80 CHAPTER 4. CAGD FOR FLOW VISUALIZATION

(v,X0) ~dre (W,X0) < (4.24)
35€[0,27] IN>0: Vi, = N (Wrp )00,
Furthermore we introduce the concept of normalized Jacobian: given a vector
field v with a first order critical point xy, we define the normalized Jacobian
Anorm 1N X as
det(Jy)
u2 +v2 + ufl + v§

Uy Vy — Vg Uy
2 2 2 2
um+vr+uy+vy

dporm(v(Xg)) = 2 (x0) = (x0). (4.25)
The value d,o-m can be interpreted as a scaling independent version of the
Jacobian. For any first order critical point, dporm ranges between —1 and 1.
Furthermore, d,,orm is invariant under scaling and domain rotation around xg
of the vector field. Thus d,,,,y, is constant for domain rotation equivalent vector

fields: for two vector fields v and w with a first order critical point in xg we get
(v,X0) ~dre (W,X0) == dnorm(V(X0)) = dnorm(W(X0)). (4.26)

In a similar way to d,ormn Wwe introduce the normalized divergence divyorm
of the vector field v in the critical point xo as

. div(v)
divy,orm (V(x = X
(vixo)) \/2(u§+vg+u§+vg)(0)
_ e Uy (xo)- (4.27)

\/2(u§+v§+u§+vg)

The value div,orm can be interpreted as a scaling independent version of the
divergence. For any first order critical point, div,.., ranges between —1 and
1. Furthermore, div,,o,, is invariant under scaling and domain rotation around
xo of the vector field. Thus div, ey, is constant for domain rotation equivalent
vector fields: for two vector fields v and w with a first order critical point in xg
we get

(v,%X0) ~dre (W,X0) = divyorm(V(%0)) = divaerm (W(xo))- (4.28)

The phase plane we use here to classify first order critical points is the area inside
the unit circle where (v, r) are the polar coordinates (v € [0, 27],r € [0,1]). To
characterize this (v, r) phase plane, we define a reference critical point for each
point of it. This is the critical point (0,0) of the following vector field:

xT

cos —sin
V(@) = < i v (4.29)

siny  cosvy > —“me

1-27

v, defines a vector field with a first order critical point in (0, 0) for each point
(v, 7) of the phase plane (v € [0,2x],r € [0, 1]). Figure 4.12 gives an illustration
of the reference critical points in the (v, r) phase plane.

The system of reference critical points in the (v, r) phase plane has the following
properties:
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y=n/2, r=1

Figure 4.12: Reference critical points in the (v, r) phase plane.

e Critical points which lie on a circle » = const in the (v,r) plane can be
transformed into each other by rotation:

Viytar = Vy ool (4.30)

This follows directly from (4.29) and the definition (4.13) of rotated vector
fields.

e Critical points which lie on a ray through the origin » = 0 in the (v,r)
plane can be transformed into each other by scaling of the y-component:

V’Y,TQ(mvy) = V’Y,T1 (x,)\y) (431)

with

(1—27) (1 - zm)

A= (1-2m) (1—2 r2(1—r2))' (432

This is a straightforward deduction from (4.29).
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drorm T diviorm
a) b)
i =1

Figure 4.13: a) normalized Jacobian dnorm of the reference critical points as height
field over the (v,7) plane; b) normalized divergence divporm of the reference critical
point as height field over the (v, r) plane.

e The critical point in the center » = 0 of the (v,r) plane deserves special

attention. For this point, a rotation of the corresponding vector field gives
only a domain rotated version of itself:

Vyo = V0,0<%’(0’0)>. (433)

This follows as a straightforward exercise in algebra from (4.29) and (4.15).
This property can also be written as v, 0 ~dre Vy,,0 for any vi,v2 €
[0, 27].

Considering the normalized Jacobian d,,o.n, of the reference critical points
in the (v,7) plane , we obtain

dnorm (V. (0,0)) = 27 — 1. (4.34)

This follows from (4.25) and (4.29). Figure 4.13a illustrates the normalized
Jacobian of the reference critical point as a height field over the (v,r)
plane.

Considering the normalized divergence div,..m, of the reference critical
points in the (v, r) plane, we obtain

diviorm (Vo.(0,0)) = /1 - cos . (4.35)
This follows from (4.27) and (4.29). Figure 4.13b illustrates the normalized
divergence of the reference critical point as a height field over the (v, r)
plane.
The normalized divergence of the perpendicular vector field of v, , is

divnorm (Vo,r(0,0)) = diviorm (V442 1(0,0)) = —/7 -sinvy.  (4.36)

This follows from (4.27), (4.29) and (4.14).
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e The reference critical points in the (v, r) plane yield the following classi-
fication of first order critical points following [87] and [122]: the critical
point (0, 0) of the reference vector field v, , is a

saddle point (Sa) iff (y =% and r < 1) or (y=—3 and r < 3) or
r =20,

repelling saddle (RSa) iff -2 <y < Z and 0 <7 < 1,

attracting saddle (ASa) iff 2 <y < 3mand 0 <r <%,

degenerate (D) - not a critical point - iff r = 1,

center 1 (C1) iff y =2 and $ <r <1,
center 2 (C2) iff y = —Z and 3 <r <1,

repelling focus 1 (RF1) iff 0 <y < 5 and § <7 < m,
1
1+sin? v

repelling focus 2 (RF2) iff -5 <y <0Oand 5 <r <

[N

attracting focus 1 (AF1) iff Z <y <mand 5§ <7< m,

attracting focus 2 (AF2) iff r <y < 27 and 1 <r < m,

repelling star 1 (RS1) iff 0 <y < § and r = m,

repelling star 2 (RS2) iff —5 <~ <0 and 7 = ;o
1

attracting star 1 (AS1) iff T <y <7 and r = TemZy

attracting star 2 (AS2) iff 7 <y < 27 and r = m,

1
1+sin? v <rs<l,

1
Trem?y <T =1

repelling node (RN) iff —% <y < 7 and
attracting node (AN) iff £ <y < 27 and

This classification of critical points has extensions to the classifications of
[87] and [122] in the following way:

We distinguish between three kinds of saddle points. A saddle point
(in the sense of [87] and [122]) is a first order critical point which has
both inflow and outflow. A repelling saddle (RSa) has more outflow
than inflow, i.e. a positive divergence. An attracting saddle (ASa)
has more inflow than outflow and therefore a negative divergence. A
saddle point (Sa) has a zero divergence.

The classes of points RF, RS, C, AF, AF are each subdivided into two
subclasses 1 and 2. Subclass 1 means that in a neighborhood of the
critical point all tangent curves turn to the left, i.e. they have non-
negative curvature (see section 4.1.5). In critical points of subclass
2, all tangent curves in a neighborhood turn to the right, i.e. have
non-positive curvature.

Figure 4.14 illustrates the location of the different classes of critical points

in the (v,r) phase plane. Note that the curve r =

1 .
m deﬁnlng at-

tracting and repelling stars is not an ellipse.

After showing that the system of reference critical points in the (v,r) phase
plane has a number of useful properties, we still have to show that it describes
all first order critical points uniquely (except for domain rotation and scaling).
To do so, we formulate
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Figure 4.14: Classification of critical points in the (y,r) phase plane.

Theorem 4 Given is a vector field v(x,y) with a first order critical point at
xo = (z0,%0). Then there exists one and only one reference critical point in
the (v,7) phase plane which is domain rotation equivalent to v. This reference
critical point is the critical point of v, with

Ug + Vy
cos = X 4.37
Y \/(uw i Uy)2 + (UI _ uy)2( 0) ( )
siny = Uz Yy _(x0) (4.38)

\/(ux +vy)? + (Ve — uy)
Uy Vy — Vg Uy

1
— (x0)- (4.39)
2 w2404 u% + 115

(4.37) and (4.38) determine v uniquely except for the case (uy + vy)(x0) =
(vg — uy)(x0) = 0. Since in this case we obtain 7 = 0 from (4.39), v is of no
importance there.

To prove theorem 4 we assume that xo = (0, 0). This is not a restriction because
v(z,y) can be transformed to v(xz — zg,y — yo) which moves the critical point
to (0,0).

Since v, has to fulfill v(0,0) ~gre v4,-(0,0), we obtain (4.39) from (4.25),
(4.26) and (4.34). Similarly, (4.37) is obtained from (4.27), (4.28) and (4.35).
(4.38) follows from (4.27), (4.28), (4.36) and (4.14). Thus the only reference
critical point which is a candidate for being domain rotation equivalent to v is
V4,r With ,r described by (4.37)-(4.39). To show that this reference critical
point is indeed domain rotation equivalent to v, we have to find a domain
rotation angle ¢ and a scaling factor A > 0 in such a way that
(0,%0)

A (VT17XO) = Vyr. (440)
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Choosing ¢ and A as

2 2 2 2
w+ T -
cos (26) = Yo Tl Tty T Yy (x0) (4.41)

\/(ui +v2 — ug — v§)2 + 4 (uguy + vyvy)?

—2 (uguy + vg0y)

sin (29) = (x0)  (4.42)
W@+@7%7@V+u%%+%%v
_div(vy r(x0))
A= div(v(xg)) (4.43)

(4.40) follows from (4.15), (4.37), (4.38), (4.39), (4.41), (4.42) and (4.43) 3.If

div(v(xg)) = 0, (4.43) has to be replaced by A = W which yields
v X0

(4.40) as well. Thus theorem 4 is proven.

Theorem 4 shows that the ,r phase plane gives a continuous one-to-one
representation of all first order critical points. Thus it can be used to compute
the distance of two first order critical points by mapping them into the v, r
phase plane and computing their Euclidian distance there.

4.1.7 Unsteady vector fields

Up to here, section 4.1 has only treated steady 2D vector fields. This section
4.1.7 is for studying properties of unsteady 2D vector fields.

In (4.2) unsteady flow data was introduced. In the visualization pipeline,
this data has to be converted to unsteady vector fields.

An unsteady 2D vector field can be described as a 3D vector field

u(z,y,t)
v(z,y,t) = v(z,y,t) (4.44)
a(z,y,t)
where
a(gjvy?t) =1 y Gy = Ay = 0y = 0. (445)

The auxiliary dimension a(x,y,t) can be interpreted as the time component of
the vector field. Since time passes at a constant rate, we have a(x,y,t) = 1.
The vector field v has a critical point iff u? +v2 = 0. In the rest of section 4.1.7,
v stands only for an unsteady vector field described by (4.44).

Projecting v into the planes ¢ = const, we obtain another description of an
unsteady 2D vector field:

Vp(T,y,t) = ( w9, ) ) : (4.46)

v(x,y,1)

For steady vector fields we have introduced the concept of tangent curves. Its
extension to unsteady vector fields splits into four classes of curves: stream
lines, streak lines, path lines, and time lines. In the following we define all these

30nes § and \ are specified by (4.41)—(4.43), this is just a straightforward computation for
which one can use formula manipulation programs like Mathematica or Maple.
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Figure 4.16: Path line 1, of an unsteady flow.

curves and show (following [188]) how to compute their curvatures as a local
property.

Stream lines are the tangent curves of v,. For every time and every location
there is one and only one stream line through it (except for critical points).

Figure 4.15 shows the computation of the stream lines for the time ¢ = t;.
We consider the tangent curves of v, at this time. We obtain the curvature
of the stream lines by computing the first and second derivative vectors of the
stream line for every point of the domain of v,:

Xstream (-Ta Y, t) = Vp(xa Y, t) (447)

j.(stream (JJ, Y, t) = (U . Vpx +v- pr)(J?, Y, t) (448)
det .s reams “s ream

Rstream (l’, Y, t) = c [X : Xt ] (xa Y, t)' (449)

||Xstream ||3

Path lines are obtained by setting out a particle and tracing its path in the un-
steady vector field. Therefore, path lines are projections of the tangent curves
of v into a plane t = const. For every location and every time there is one and
only one path line through it (except for critical points).

Considering figure 4.16, the curve 1 is the tangent curve of v through the
point (zo,yo,t0). The curve 1, is the projection of 1 into the plane t = t.
The curvature of the path line through (xg, Yo, %) is the curvature of 1, in this
point. To compute it, we express the first and second derivative vectors of 1 in
(w0, Yo, to):

Xi=v , X=u-vy+v-vy+a- v (4.50)
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Figure 4.17: Streak line 15 of an unsteady flow.

Projecting %; and %; into the plane ¢ = ¢y and taking (4.45) into consideration
we obtain the first and second derivatives of the path line in (zg, yo,to):

Xpath($7y7t) = Vp(x7y7t) (451)
Xpath (,y,1) = (u-vp, +v-vp, +vp,)(7,y,1). (4.52)

Then the curvature of the path line through (zo, yo,to) is

) _ det[i{pat}u j.(pcnfh] (

Kpath(T,y,t) = - z,y,t). 4.53
pat ( ||Xpath||3 ) ( )

A streak line is the location of all particles set out at one point at different
times. To illustrate this, consider figure 4.17. Suppose a particle is set out at
(z0,Y0,t0). The path of the particle is the tangent curve 1; of the vector field
v. 1; might pass the location (z1,y;) at the time ¢; (t9 < t1). We consider two
more particles set out at (zg,yo) but a short time before and after ¢y, i.e. we
set out particles at (zo,yo,to — dt) and (xg,yo,to + dt). They follow the tan-
gent curves 1y and 13 of v. Suppose 1 passes the location (x,y2) at the time
t = t1, and l3 passes the location (z3,ys) at the time ¢ = ¢t;. Then (x1,y1,t1),
(z2,y2,t1) and (x3,ys,t1) lie on a streak line 1; through (z1,y1,¢1). Converging
dt to 0, we might compute tangent direction and curvature of 1 in (21,y1,1).
Computing the curvature of streak lines gives the following two problems:

e A streak line through (z1,y1,t1) is not uniquely defined. Another choice
of to might lead to another streak line through (x1,y1,%1).

e Computing a streak line through (x1,y1,t1), we have to compute the tan-
gent curve 1; of v. This is in general only possible by integrating 1;
numerically - a procedure we want to avoid.

To deal with these problems there are two solutions:

1. We consider only the special case to = t1. This way a streak line through
(z1,y1,t1) is uniquely defined, and we do not have to trace the tangent
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=t

t=to

(Xo—dX,yo— dy,to))/ (Xot+dX,yo+ dy, to)

(Xo,Yo,to
y
e » X

Figure 4.18: Time line 1; of an unsteady flow.

curves. Unfortunately, in this case the streak line through (z1,y1,%1)
coincides with the stream line through (x1,y1,¢1) computed above. So
this case is of less interest.

2. Setting tg = t1, the direction of the streak lines coincides with the direction
of the stream lines: Xgtreqk = Xstream = Vp. Setting o = t; — dt, the di-
rection of the streak lines might be X4;, which usually differs from Xs¢reqk-
Then we want to define the ”curvature” of streak lines as a measure of
how much the directions of Xgireqr and Xg; differ. In other words: the
?curvature” of streak lines is a measure of how ”strongly” the directions
of the streak lines change while varying the time ¢y (when the particles are
set out) around t; (when the streak lines are considered). The choice of
the concept ”curvature” is justified in the following similarity to the usual
curvature concept of curves: The curvature of a curve can be considered
as a measure of how much the tangent direction changes while varying the
location on the curve.

To compute the ”curvature” of streak lines, we have to compute

Xstreak = lim

kstreak - kdt
_— 4.54
dt—0 dt ( )

From (4.54) we obtain

. . Ut (T, ,t
Strat 0,0 = Vo) Kreneont) = (00D 459

and can compute the curvature of the streak lines by

d t e .
Rstreak (l’, Y, t) = ¢ [Xstreak, XStTeak] (

- z,y,t). 4.56
HxstreakHB Y ) ( )

Time lines are obtained by setting out particles located on a line at a fixed time
and tracing them in the unsteady flow.

Consider figure 4.18. Suppose a particle is set out at (zg, yo,to). The path
of the particle is the tangent curve 1; of v. The curve 1; might pass the location
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(z1,y1) at the time ¢1 (to < t1). We consider two more particles set out at the
time t = to: (xg — dx,yo — dy, to) and (z¢ + dx,yo + dy, to). These points and
(20, Yo, to) are located on a straight line in the plane ¢ = ty. Let these particles
follow the tangent curves l; and 15 of v. Suppose 1y passes the location (x4, y4)
at the time t = ¢, and 15 passes the location (x5,ys5) at the time ¢ = ¢;. Then
(x1,91,t1), (T4,y4,t1) and (z5,ys,t1) lie on a time line 1; through (z1,y1,1).

The choice of a particular time line through (z1,y1,t1) depends on two pa-
rameters: the choice of tg and the choice of the straight line in the plane t = tg.
Thus a time line through (x1,y1, 1) is not uniquely defined. We therefore can-
not compute its curvature as a local property.

Since topology has been proven to be an important feature for the analysis
and visualization of steady 2D vector fields, it seems obvious to also consider
the topology of unsteady vector fields. However, the treatment of the topology
of unsteady vector fields seems not to be defined and studied yet in the context
of scientific visualization. The reasons for that are the following:

e To classify a critical point of a steady flow, we examined the behavior of
the tangent curves around it. Due to the existence of different classes of
tangent curves for unsteady vector fields, the approach of steady vector
fields cannot be directly applied here.

e Critical points in unsteady vector fields may change their location, collapse
or appear/disappear over time. These phenomena have to be considered
in defining the topology of unsteady vector fields.

e The concept of separatrices of steady vector fields cannot be directly ex-
tended to unsteady vector fields because of the different classes of tangent
curves.

However, the definition and visualization of the topology of 2D unsteady vector
fields seems to be a challenging future research subject.

4.1.8 3D vector fields

For a 3D vector field, many of its properties can be obtained by a straight-
forward generalization of the 2D case (sections 4.1.1-4.1.7). In addition there
are some properties which appear only for 3D vector fields and do not have 2D
counterparts.

Given a 3D vector field

v: B3 — TR} (4.57)
u(,y, z)

(z,y,2) — v(z,y, 2)
w(z,y, 2)

where Ej is a closed and compact subset of IE®, the Jacobian matrix here is a
3 X 3 matrix

ug (v, y,2)  uy(z,y,2) u(v,y,2)
Jv(%y,z) = Ux(xvyaz) Uy(ﬂj,y,Z) UZ(I,y,Z) . (458>
’LUI((L',y,Z) ’LUy(ZL',y,Z) wz(x,y,z)
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Figure 4.19: 3D first order critical point visualized by showing the classification of
the 2D critical points in the eigenplanes; a) type (RN,RN,RN), b) type (Sa,Sa,AN);
(from [12]).

The definition of tangent curves and critical points is similar to the 2D case.
Given any (non-critical) point in the 3D vector field, there is one and only one
tangent curve through it.

A general classification of 3D critical points, similar to the 2D case in section
4.1.1, seems not to exist because the sectors of different flow behavior (parabolic,
elliptic, hyperbolic) which define the 2D classifications do not have counterparts
in 3D. Ouly for the case of 3D first order critical points (i.e. critical points xg
with det(Jyv(xg)) # 0), extensions from the 2D classification of [87] exist. To
show them, the eigenvectors of J,(xg) are computed. These vectors define
three eigenplanes which intersect each other in xo. Then the vector field in the
eigenplanes are classified as 2D vector fields. This way a first order 3D critical
point xq is characterized by three 2D critical points in the eigenplanes of x.
Figure 4.19a shows an example of a critical point of the type (RN,RN,RN): in
all three eigenplanes the resulting vector field has a repelling node (RN). To
visualize the three eigenplanes, a cube-like 3D icon is placed at the locations
of the critical points. Figure 4.19b shows a critical point of the type (Sa, Sa,
AN): two eigenplanes show a saddle point while the remaining eigenplane gives
an attracting node.

A classification of 3D first order critical point which is based on the eigen-
plane approach can be found in [29], [148] and [12].

The concept of separatrices of 3D vector fields also seems not to have been
used for visualization purposes. While separatrices for 2D vector fields are
certain tangent curves, separatrices for 3D vector fields are tangent surfaces
which makes their treatment far more complicated.

The concept of rotated vector fields also seems not to exist for the 3D case
because to specify a rotation in 3D we do not have to determine a rotational
center point but a center axis.

Most of the derived measures of 2D vector fields have direct extensions into
3D. In addition there are measures of 3D vector fields which do not have 2D
counterparts:

Wy — U,
e rotation rot(v) = Vxv=| u,—w,
Vg — Uy

e vorticity w = v - rot(v).
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A nice explanation of the concepts of rot(v) can be found in [38].

Similarly to the curvature of 2D vector fields, the curvature of 3D vector fields
can be computed as a local property of the vector field. Given a (non-critical)
point (xg, Yo, 20) in the 3D vector field v defined by (4.57), let s be the tangent
curve through (xg, o, 20). Furthermore, let s be parameterized in such a way
that

s(to) = (0,0, 20) (4.59)
8(to) = v(s(to)) (4.60)

where $(t) denotes the tangent vector of s(¢). Then we can compute the second
derivative vector § of s at ¢y by applying the chain rule to (4.60):

8(to) = (uvy +vvy +wv;)(zo, Yo, 20)- (4.61)

Applying the chain rule one more time to (4.61), we can compute the third
derivative s of s as

s(te)) = (u(uve+ovvy+wvy), +v(uvy, +ovy, +wv,),
+w(uvy +ovy +wv,), )(xo, Yo, 20)
= (u(Uug Ve +UVey V3 Vy +UVyy + Wy Vy +WV,y) (4.62)
+ 0 (Uy Vo + U Vgy + Uy Vy + 0 Vyy + Wy v, + W Vy)

Fwu, Ve +uvy, +0, vy +0Vy, +w, v, +wv.,) ) (2o, Yo, 20)-
Then we can compute the curvature of s in (zg, yo, 20) as

[[8(to) x 8(to)|l
[8(to)I?

Inserting (4.60) and (4.61) into (4.63) gives the formula for the curvature x(v)
at any point of the vector field v. Note that (4.63) describes the curvature of a
3D curve and is therefore always non-negative.

For a 3D tangent curve we can not only compute its curvature as a local
property; its torsion (see [55]) can also be computed as local property. The
torsion at a point (zo, Yo, z0) in the vector field v can be computed by inserting
(4.60), (4.61), (4.62) into

K(to) = (4.63)

det[$(t0), 8(to), S (to)]
[[8(to) x 8(to)|?

This way the torsion 7(v) of the 3D vector field v is defined as a scalar field
which describes the torsion of the tangent curve at any point of the flow.

(to) = (4.64)

For the 2D case we also introduced the curvature of the perpendicular vector
field. The analogue to the perpendicular vector field in 2D is normal surfaces in
3D. A normal surface of a 3D vector field is a surface with the property that for
any point on the surface the surface normal and the vector of the vector field
have the same direction. From this definition follows that for every point in the
flow there exists one and only one normal surface through it. Computing the
Gaussian curvature K (v) and the Mean curvature H(v) of the normal surface
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in every point of the vector field v, we obtain two more derived scalar fields
from a 3D vector field. For the Gaussian Curvature K (v) we obtain (see [185],
[205]):

k
KWv)= — (4.65)
4- vl
with
E = (dvyw, —v2 —wi — 20, wy) u?

2 2y .2
duz w, —2Wy Uy — W, — US)V

2 2
Y

+(
+(dug vy —v2 — 20, uy — ud)w
F(2 (uz v + Uz Wy + Wy Uy + Wy wy) — 4 (uy W, + vy w,))uv
+(

(

2
2 (Uy Wy + Uz Wy + Uy Uz + V5 0) — 4 (vy Uz + vy wy)) uw
+(2

(Vg Uz + Uy Uz + Uy Wy + Uy We) — 4 (Ug V2 + Uz wy)) v w.
For the Mean Curvature H(v) we obtain (see [185], [205]):

H(v) = 2|hv||3 (4.66)

with

h = (—vy—w,) u? + (—uy —w,) 02+ (—uz — vy) w?
F(uy +vg) uv + (Uy + wy) uw + (v, + wy) Vw.

H(v) can also be written as

_div(v)
2

H(v)=

with v = 7o is the normalized vector field of v. The application of K (v) and
H(v) for visualization purposes is discussed in section 4.3.3.4.

A first approach to defining a topology based metric on 3D vector fields can
be found in [12]. There the distance of two first order critical points is ob-
tained by computing the distances of the corresponding 2D critical points in
the eigenplanes. To compute these 2D distances, the distance approach of [122]
(described in section 4.1.6.1 of this work) was used. Approaches to incorporate
higher order topologies or connectivity information of the critical points seem
not to exist yet.

Similarly to 2D unsteady vector fields, a 3D unsteady vector field can be defined
as
u(z,y, z,t)
vp(z,y,2,t) = v(z,y,z,t) | . (4.67)
w(z,y,z,t)

Also similarly to 2D unsteady vector fields, the concepts of stream lines, streak
lines, path lines and time lines can be defined. We obtain for the curvatures
Kstream, Kpath, Kstreak Of stream lines, path lines and streak lines:
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Xstream = ).(path = Xgtreak = V
Xstream = UVg+0 Vy +wv,
Xpath = UVy+UVy+wWV, +Vy
istreak = Vi

X X X
Kstream (1_7 v, 2, t) — H strﬁ;{m sﬁgeam || (I, Y, z, t)
stream

prath X )“(path” (

t) = 4
K;path(x7y7zv ) ||Xpath||3 x’y727 )
b'e kX X k
Rstreak (1'7 Y, 2, t) = H stres strea ” (x7 Y, z, t)'

H).(streakz ||3

However, the curvature of 3D unsteady vector field seems not to have been
applied for visualization purposes yet.

4.2 Interpolating Flow Data

It is the purpose of this section to introduce the most common interpolation
schemes for flow data and discuss their applicability for certain visualization
problems.

Interpolation is a well-studied issue in CAGD. Given a set of points in IE?,
there is a variety of approaches to construct an interpolating curve or surface
through these points. To choose a particular interpolation scheme, the following
demands may be considered for curves and surfaces:

e continuity of the interpolation
The interpolant is required to have a certain algebraic continuity (C?) or
geometric continuity (G?). (See [55] for an introduction on C* and G*
continuity)

e minimization of certain measures (bending energy, arc length, area)
e preservation of certain geometric properties (convexity, shape)
e fairness/ aesthetic look of the interpolant.

Among the existing interpolation schemes, the class of piecewise (bi)polynomial
interpolations is the most popular one. Bézier- or B-spline curves and surfaces
are applied both for sample points on a grid structure and for scattered data
points.

For flow data, principally the same schemes as for surfaces exist, but the de-
mands on the interpolant may differ. Thus also the criteria for the choice of
an appropriate interpolation scheme for flow data are different to the curve and
surface case. The demands for flow data are

e continuity of the interpolation
Here the concept of C* continuity of the obtained vector field exists sim-
ilar to the curve and surface case. A concept of geometric continuity for
vector fields seems not to exist. Instead, a certain algebraic or geometric
continuity of the tangent curves may be demanded.
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e topology of the interpolant
A certain topology of the vector field should be preserved or obtained.

(Theoretically one might also think of interpolation schemes which minimize
certain properties, but this seems not to have been done yet in the context of
scientific visualization.)

As we will see in the following, studying the topological behavior of certain
interpolation schemes is rather complicated .In general we can make the follow-
ing statement about the interpolation of flow data: as long as only a certain
continuity of the interpolant matters, the interpolation schemes from the CAGD
context can be directly applied for flow data interpolation. If the topology of
the obtained vector field is additionally considered, new research on the appli-
cability of the interpolation scheme has to be done, since the concept of vector
field topology does not have a direct counterpart in the surface context?.

The rest of this section 4.2 is organized as follows: sections 4.2.1 and 4.2.2
introduces the most common interpolation schemes for 2D flow data: piece-
wise linear or bilinear interpolation. Section 4.2.3 discusses the application of
higher order (bi)polynomial interpolation schemes. In section 4.2.4, interpola-
tion schemes for 3D flow data are discussed. Finally, section 4.2.5 treats the
question of which interpolation scheme is appropriate for a given flow data set,
especially under consideration of topological aspects.

4.2.1 Piecewise linear interpolation of 2D flow data

A piecewise linear interpolation of a 2D vector field is the most popular inter-
polation for 2D scattered flow data. The scattered sample points of the flow
data are triangulated; inside each triangle a linear interpolation of the vectors
at its vertices is applied.

Given the sample points x1, X2, x3 with the assigned vectors vy, va, vs, the
interpolated vector field inside the triangle x1, X2, X3 can be written in barycen-
tric coordinates as

v(x1,22,23) = 1 X1 + T2 X2 + T3 X3 (4.68)

with z1 + z2 + 3 = 1. Figure 4.20a gives an illustration. An introduction to
the concept of barycentric coordinates can be found in [55].

There is a one-to-one correlation between a piecewise linear interpolation
and first order critical points. A linearly interpolated vector field has up to one
non-degenerate critical point; this critical point is always a first order critical
point. Conversely, each first order critical point can be constructed from a linear
vector field.

Joining two piecewise linear vector fields along a common line, we get in
general a globally C? interpolated vector field. Note that the tangent curves
of a 0 vector field are always O continuous. To show that a piecewise linear
interpolation does not generally yield higher order continuities for the vector
field or the tangent curves, consider figure 4.20c. This figure shows the curvature
plot® of the vector field shown in figure 4.20b. The color discontinuities across

4There exist concepts of surface topology but they do not directly correlate to the topology
of vector fields.

5The curvature plot of a vector field is discussed in section 4.3.3.3. Here it is sufficient to
know that for each point of the domain of the vector field the curvature of the tangent curve
through it is computed and continuously color coded.
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Figure 4.20: a) linear vector field inside the triangle x1,X2,x3; b) piecewise linear
vector field consisting of two domain triangles; ¢) curvature plot of b) reveals that the
tangent curves in b) are not curvature continuous.

the boundaries of the domain triangles denote that the tangent curves are not
globally curvature continuous, thus also not C? continuous. From this we can
deduce that the piecewise linear vector field shown in figure 4.20b is not C*
continuous.

4.2.2 Piecewise bilinear interpolation of 2D flow data

A piecewise bilinear interpolation is the standard for interpolating 2D flow data
on rectangular grids: given the grid points X; j, Xijt1,5, Xi41,j+1, Xi,j+1 and their
assigned vectors v; ;,Viy1,j, Vit1,j+1,Vi,j+1 on a rectangular grid, the vectors
inside the rectangle x; j, X;41 5, Xi+1,j+1, Xs,j+1 are computed as

v(z,y) = I-2)1-y)xij + (1 —-y) X415 (4.69)
+ (I—=2)yXijt1 + TYXiy1,41

where (z,y) € [0,1]? are the local coordinates inside the rectangle.

To compute the critical points of a bilinear vector field, we have to solve
v(z,y) = (0,0)T where v(z,y) is given by (4.69). This ends with solving a
quadratic equation, the solution of which gives up to two critical points. If we
obtain two distinct critical points xgq, Xgs, it can be shown® that

det(Jy(x01)) = — det(Jyv(x02))- (4.70)

This gives that both critical points are of first order; one is a saddle while the
other has either attracting-, center-, or repelling behavior” .

If the solutions x¢1,Xpy of (4.69) collapse to a non-degenerate critical point,
we obtain a critical point with an index of 0, i.e. this is not a first order critical

r—2y+10zy

rT—2y—95zy )
in the domain (x,y) € [—1,1]2. This vector field has a critical point of an in-
dex 0 at (0,0) which consists of two hyperbolic sectors. The critical point

(0,0) of the bilinear vector field v(z,y) = ( vt 2y+10zy ) in the domain

point. Figure 4.21a shows the bilinear vector field v(z,y) = (

r+2y—>ozy

6This is a straightforward computation for which a formula manipulation program like
Mathematica or Maple can be used.

"Note that (4.70) is in general not true for the normalized Jacobian defined in (4.25); i.e.
in general we have dporm (Jv(%01)) # —dnorm (Jv(x02)).
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Figure 4.21: a) critical point with index 0 of a bilinear vector field with two hyperbolic
sectors; b) critical point with index 0 of a bilinear vector field with two hyperbolic and
one parabolic sectors.

(z,y) € [—1,1]? which is shown in figure 4.21b has also the index 0 but consists
of two hyperbolic and one parabolic sectors.

Joining two piecewise bilinear vector fields along a common line gives in
general a global C? interpolant; the tangent curves of the vector field are globally
Cl.

4.2.3 Piecewise higher order polynomial interpolation of
2D flow data

Given a scattered flow data set, instead of a piecewise linear interpolation on
a triangulation, a piecewise quadratic, cubic, or higher order polynomial inter-
polation may be applied. Strategies to achieve a higher order continuity of the
vector field can be directly taken from the CAGD context. For instance, to ob-
tain a globally C! continuous vector field (with globally C? tangent curves), a
quintic Clough-Tocher interpolant (see [11] and [55]), a quadratic Powell-Sabin
interpolant (see [153], [55], and [164] especially for vector fields), or Nielson’s
C! interpolant (see [140], and [164] especially for vector fields) may be applied.

Unfortunately, applying higher order polynomial interpolations to scattered
vector data may create unwanted changes in the topology of the vector field:
the number of critical points may increase, and collapsing them may lead to
new higher order critical points.

A quadratic vector field may have up to four critical points. For example,
figure 4.22a shows the quadratic vector field

_( Bz —10y+1)(52—10y +4)
v(z,y) = < (10x_5z—1)(10m—5z—4) >

in the domain [0, 1]3. This vector field has the four critical points (%, %), (%,

(§ 2) (é é) 7
5'5)> \5 5/

A cubic vector field may have up to 9 critical points. For example, figure
4.22b shows the cubic vector field

(oy) = ( (4o =40y +3)(14w — 40y + 13)(14z — 40y + 23)
VY =\ (422 —20y — 1)(422 — 20y — 11)(422 — 20y — 21)

uyw
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Figure 4.22: a) quadratic 2D vector field with 4 critical points; b) cubic 2D vector
field with 9 critical points.

in the domain [0, 1]%. This vector field has the 9 critical points (1, &), ( )
(880 (B ) (13 (D). (). (3. 2), (B.)
14010/> \14»5)> \2>2/) \1205/)>» \14>10/)> \14> 5/ \14>10/"
In general, a polynomial vector field of degree n has up to n? critical points.
Applying higher order polynomial vector fields may not only create new first
order critical points, their collapsing may also lead to the appearance of higher
order critical points.

S

9

Rler

If the flow data set is on a rectangular grid, one can apply a higher order
bipolynomial interpolation instead of the bilinear interpolation. Here similar
statements to the case of polynomial interpolation apply: the construction of
higher order continuous vector fields is well-understood while the controlled
treatment of higher order critical points is rarely investigated. Applying a bi-
quadratic interpolation, up to 8 critical points may appear. Figure 4.23a shows
the biquadratic vector field

V(l‘,y) =
(=3 —35)@—35)y—3)

in the domain [0, 1]2. This vector field has the 8 critical points (%, %), (%, ),
3 §) (l §) (2 2) (é 2) (é é) (2 é)
5:5)1\5:5/):\5:5)» \5:5) \5:5): \5:5)-
A bicubic vector field may produce up to 18 critical point. Figure 4.23b
shows the bicubic vector field

@-Py-He-Hy-De-3F-*2)

)y —2)

in the domain [0,1]%. This vector field has the 18 critical points (1, 1), (2,1),
(3:7) (3:2), (3:3), (3:2) (7:3): (5.2) (3.3): (5.3): (5:3): (53),
G DD ) @) (35 1 general, 2 bipolynomial i
terpolation of degree n produces up to 2n? critical points.

A globally C*! or C? continuous vector field can be achieved by applying an
interpolating Bézier- or B-spline surface approach (see [55]).

Generally we can make the following statement about higher order
(bi)polynomial interpolation: principally they are able to represent higher order
critical points, but it is non-trivial (or even impossible) to control this process.
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Figure 4.23: a) biquadratic 2D vector field with 8 critical points; b) bicubic 2D vector
field with 18 critical points.

In fact it is rather hard to detect higher order critical points in a higher order
(bi)polynomial interpolation.

4.2.4 Interpolation of 3D flow data

For 3D scattered flow data, the standard interpolation technique is a piecewise
linear interpolation over a tetrahedrization of the sample points. Given the
sample points X1, Xa, X3, X4 € IE® with the vectors vi, vq, vs, v4 € R?, the
vector field inside the tetrahedron x;, xo, X3, X4 is given by

v(21, T2, T3,24) = X1 V] + o Vo + T3V + T4 Vy (4.71)

where (1,22, x3,24) are the barycentric coordinates of a location relative to
the vertices x1, Xg, X3, X4, i.e. 1 + 22 + a3+ x4 = 1.

As in the 2D case, there is a one-to-one relation between linear vector fields
and first order critical points. A linear 3D vector field has up to one non-
degenerate critical point which is of first order. Conversely, every 3D first order
critical point can be constructed by a first order linear vector field.

Instead of a piecewise linear interpolation, piecewise higher order polynomial
interpolation may be applied to obtain a higher order continuity of the vector
field and its tangent curves. A quadratic vector field may have up to 8 critical
points. In general, a polynomial vector field of the degree n has up to n3 distinct
first order critical points.

For 3D flow data on a 3D rectangular grid, a piecewise trilinear interpolation
over each grid cell is the most common approach. Doing so, up to 6 distinct first
order critical points may appear inside a grid cell. For example, the trilinear
vector field

~ 1) — 1) (z — 1)
in the domain [0,

1]? has
(5: 76+ 16) (36> 16+ 10)+ (36 1

consequences:

1 5 9 1 8 6
critical points (3,2, 2), (34,5, 3),

(l 2 i). This fact has the following

the
5
10° 10° 10 10

6
+i0)>
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e Since the detection of critical points in a piecewise trilinear vector field
ends in solving polynomials of degree 6, no closed solution of this problem
exists. Instead, numerical solutions have to be applied.

e The first order critical points of a trilinear vector field may collapse to
higher order critical points.

In general, a trilinear interpolation gives a globally C? vector field (with globally
C' tangent curves). A higher order continuity of the vector field can be achieved
by applying a piecewise higher order tripolynomial interpolation. As in the
2D case, this increases the number of possible critical points (and therefore
the number of possible higher order critical points by collapsing the first order
critical points). In general, a tripolynomial vector field of degree n has up to
6n3 critical points.

4.2.5 Choosing the appropriate interpolation

After introducing different kinds of interpolation schemes on flow data, this
chapter treats the problem of choosing an appropriate one for a given flow data
set. The choice depends on the following aspects:

1. The desired continuity of the vector field

If a globally C° continuous vector field is sufficient, linear or bilinear (or
trilinear) interpolations are appropriate. The desired continuity depends
on the grid resolution and on the visualization technique to be chosen. If
the grid cells have approximately pixel size, the interpolation issue does
not play an important role. In this case a piecewise (bi/tri)linear inter-
polation (or even a piecewise constant interpolation) is sufficient. If the
visualization technique to be used is based on first order approximations of
the vector field (for instance numerical integration of tangent curves, see
section 4.3.1.1), a piecewise (bi/tri)linear interpolation is also sufficient:
more accurate interpolation results will be destroyed by the visualization
process in this case.

2. Additional information about the topology of the vector field to be con-
structed

If for a given flow data set it is known that higher order critical points
appear in the flow, interpolation methods which can treat these critical
points should be applied. Such additional information about the topology
can be obtained in two ways:

e The appearance of higher order critical points may be predicted due
to symmetry reasons. For instance, the ideal flow around a ship pro-
peller consisting of 6 symmetric segments might produce a critical
point with 6 similar regions. Another example for the appearance of
higher order critical points are magnetic fields inside coils or trans-
formers (see [162]).

e Higher order critical points may be predicted by estimations on the
usual piecewise (bi)linear interpolation. If the (bi-)linear interpola-
tion contains clusters of first order critical points, it may be assumed
that the original flow has a higher order critical point in this cluster.
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Figure 4.24: Piecewise bilinear vector field on a regular 4 X 4 grid; a) Integrate and
Draw; b) curvature plot.

3. Information about the history of the flow data

If the flow data is obtained by a numerical simulation based on a finite
element analysis, higher order critical points are already excluded in the
step of creating the flow data. Thus higher order critical points do not
have to be considered for the visual analysis. If the flow data is obtained
by measuring a real flow at certain sample points, the appearance of higher
order critical points has to be taken into consideration.

4. Computing costs

Higher order interpolations are more computing intensive than (bi)linear
interpolations. The enhancement of their application has to be weighted
against the additional computing costs.

Taking the points mentioned above into consideration, the interpolation problem
for flow data can be formulated as follows: Given a flow data set, an interpolation
of a certain demanded continuity has to be specified which is able to reproduce
topologies of a certain order in a controlled way. Furthermore, this interpolation
should not exceed a certain amount of computing cost.

Obviously, we have to find a compromise between these demands. To illus-
trate that this is not trivial, consider the flow data set on a regular 4 x 4 data
set shown in figure 4.24a. The application of a piecewise bilinear interpolation
gives a globally C? vector field with C! tangent curves. The curvature plot of
this vector field (figure 4.24b) shows discontinuities between the grid cells. This
shows that the tangent curves are not curvature continuous, thus they are not
C? continuous, thus the vector field is not globally C*.

To obtain a globally C! continuous vector field, a piecewise biquadratic
interpolation may be applied, as shown in figure 4.25. The smooth curvature
plot in figure 4.25b is a (necessary) indicator that the vector field is indeed C'*
continuous. Unfortunately, the biquadratic interpolation creates a number of
new critical points (figure 4.25a). In fact, the cell in the middle of the grid now
has 8 critical points while the piecewise linear interpolation did not have any
critical point.

To remove these unwanted critical points and preserve the C'' continuity of
the vector field, a piecewise bicubic interpolation may be applied, as illustrated
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Figure 4.25: Piecewise biquadratic vector field on a regular 4 x 4 grid; a) Integrate
and Draw; b) curvature plot.

a)

Figure 4.26: Piecewise bicubic vector field on a regular 4 x 4 grid; a) Integrate and
Draw; b) curvature plot.

in figure 4.26. Here we can clearly see that this vector field has the same topol-
ogy as the bilinear one in figure 4.24, but the smooth curvature plot indicates
the C! continuity.

Up to now, little research has been done on the issue of finding an appropriate
interpolation of given flow data. The first approach to use higher order poly-
nomial interpolation for a controlled representation of higher order topologies
can be found in [162] and [163]. There the polynomial vector field is described
in terms of Clifford Algebras. This way the approach is able to represent the
index of a higher order critical point exactly. The exact order of the segments
around the critical point cannot be controlled as well as the joint of the higher
order vector field with adjacent linear interpolations is not CY continuous. So
the approach in [162] and [163] follows the strategy of focusing on an exact
representation of the index of the critical points at the expense of the global
continuity of the vector field.

The converse approach is introduced in [164]. There a higher order global
continuity of the interpolant is emphasized; for two well-known C! interpola-
tion schemes on a triangulation, the Sabin-Powell interpolant and Nielson’s C'!
interpolant, the impact of their application to the topology is studied. In [164]
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it was shown that these interpolation schemes produce better representations
for higher order critical points than a piecewise linear interpolation. However,
an exact and controlled representation is still not possible.

One approach to giving an exact and controlled representation of higher
order critical points is in [194]. There a piecewise linear interpolant is chosen
with the special property that the critical point lies on a vertex of the underlying
triangulation. Originally introduced for the simplification of vector fields, this
approach can be used to deal with higher order critical points of any topology.

Another approach to dealing with vector fields of any topology is described
in section 4.4 of this work. Here for any given topology a piecewise linear vector
field of exactly this topology is constructed. Approaches to considering general
2D topologies and a general smoothness of a vector field are still unknown.

4.3 Curves and Surfaces for Flow Visualization

Considering the pipeline for flow visualization in figure 4.2 again, we now focus
on the mapping step. In this step a suitable visualization technique for the
vector field has to be chosen.

In the past decade a variety of visualization techniques for vector fields
have been developed. It is not the purpose of this chapter to survey these
techniques; surveys of vector field visualization techniques can be found in [152]
and [167]. Instead we want to focus on techniques which use curves and surfaces
for visualization. Since curves and surfaces are able to encode higher amounts
of information, they are candidates for such large data sets like flow data and
the vector fields derived from them.

The existing visualization techniques can be divided into three classes (see
[167]): elementary methods, local methods, and global methods. Each of these
classes of methods is treated in one of the sections 4.3.1 — 4.3.3.

4.3.1 Elementary methods

Elementary methods show properties of the vector field at a number of selected
locations. The simplest representatives of these class of methods are arrow plots.
Here we treat tangent curves and stream surfaces.

4.3.1.1 Visualizing tangent curves

In section 4.1 we introduced the concept of tangent curves for vector fields.
Since they describe the path of a massless particle in a steady flow, the drawing
of a certain number of tangent curves may give an intuitive impression of the
flow. Indeed, techniques which visualize tangent curves or their properties are
widespread and common in vector field visualization. To draw tangent curves,
two problems have to be solved:

1. The tangent curves have to be integrated
2. A selection of which tangent curves to draw has to be made.

To 1.: Tangent curves are usually given in an implicit representation of (4.9).
For a visualization, an explicit representation as a parametric curve would be
optimal. Unfortunately, for sufficiently complicated vector fields, no explicit
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Figure 4.27: Stream line of a flow of a Bay area of the Baltic Sea near Greifswald
(Greifswalder Bodden); data set provided by department of Mathematics of the Uni-
versity of Rostock.

description of the tangent curves exists. In fact, an explicit representation
of the tangent curves exists only for piecewise linear vector fields. In [141] a
representation of tangent curves of a linear vector field as parametric exponential
curve is described. In section 4.4 of this work we use the fact that under certain
conditions a tangent curve of a linear vector field is a quadratic curve segment
to construct vector fields of a given topology.

If the vector field is more complicated than piecewise linear, numerical in-
tegration methods have to be applied. Here the standard method is a fourth
order Runge-Kutta method (see [167]). [64] gives a comparison of other known
integration techniques.

Numerical integration techniques of tangent curves are based on a local lower
order Taylor expansion of the vector field. Thus their numerical integration
involves a certain inaccuracy of the tangent curves. Unfortunately, these inac-
curacies are increased as the integration proceeds. Especially in areas around
higher order critical points the inaccuracies of the numerical integration meth-
ods may destroy the exact topology of these critical points. A study on the
accuracy of numerical tangent curve integration methods can be found in [129].

To 2.: Tangent curves in a vector field are dense. To visualize them, a se-
lection of the tangent curves to be visualized has to be done. Here two extreme
cases have to be avoided: if the tangent curves are too close to each other, they
tend to be not distinguishable any more. On the other hand, if the tangent
curves are too far away from each other, important information may be missed.
There are several strategies for placing an appropriate number of stream lines.
In figure 4.27, all stream lines passing the grid points of a certain rectangular
grid® are drawn. As a result we have an overview of the flow behavior in most
parts of the flow. Nevertheless there are regions where the stream lines are too

8This grid is not necessarily the grid of the original flow data set.
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b) ©)

Figure 4.28: a) stream surface; b) stream tube; c) stream objects; (from [180]).

dense or too coarse.

More involved tangent curve selection methods exist. In [104] an approach
is introduced to control the distance of adjacent tangent curves. In [196] the
stream line selection is guided by visual attributes.

For 3D vector fields the treatment of tangent curves works principally in the
same way. Due to ambiguous projections of the 3D curves onto the 2D screen
the problem of getting an appropriate selection of tangent curves becomes even
more important. In [213], 3D illuminated stream lines are used to enable the
user to recognize the location in space.

For unsteady vector fields, stream lines, streak lines, path lines or time lines
may be visualized. Doing so, the ideas and problems are principally the same
as for tangent curves in a steady vector field.

An approach similar to the visualization of tangent curves is particle trac-
ing. Here a tangent curve is represented by the trajectory of a small particle
over time. The problems of computing the path of the particle coincide with
the problems of computing tangent curves.

4.3.1.2 Stream surfaces, stream objects

Stream surfaces are generalizations of tangent curves in a 3D vector field. The
idea is to consider not only the path of one particle but the paths of all particles
set out on an initial curve. This curve may be a line segment (resulting in a
stream surface) or a circle (resulting in a stream tube). In a similar way, the
approach of particle tracing can be extended to stream objects by considering
the location of a particle set originally located on a certain surface over time.
Figure 4.28 gives an illustration of stream surfaces, stream tubes, and stream
objects.

Similarly to tangent curves, stream surfaces and stream objects are generally
computed by numerically integrating a certain number of tangent curves and
connecting them. If two adjacent tangent curves on a stream surface move too
far away from each other, the tracing of an additional tangent curve between
them may be started. Approaches to finding an explicit parametric description
of stream surfaces do not seem to exist in the context of scientific visualization.

4.3.2 Local methods

As elementary methods, local methods show properties of the vector field in
selected points. In addition, information from the neighborhood of the selected
points is visualized as well. From the variety of existing local techniques we treat
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Figure 4.29: a) 2D vector field; b) topological skeleton.

the following which make use of curves/surfaces and their properties: topological
skeletons, flow ribbons, and local probes.

4.3.2.1 Visualizing the topological skeleton

In section 4.1.3 we introduced the topology of a vector field as consisting of
critical points and separatrices. Visualizing these two features of a vector field
gives a topological skeleton which allows the user to infer the behavior of the
vector field in any point. This idea was introduced in [87] and [88] to scientific
visualization. For 2D vector fields with a rather simple topology (i.e. the number
of critical points and separatrices is not too large), this method gives a very
effective and intuitive graphical representation of the vector field. However,
if the topology is more complicated, topology simplification algorithms ([43],
[194]) may be applied. Except for the computing costs and overlaying effects
in the visualization for vector fields with a rich topology, the visualization of
topological skeletons suffers from two more drawbacks:

e If the vector field contains higher order critical points, they are hardly
detectable in such a way that the correct order of the different areas of
flow behavior around a critical points is obtained. Thus the separatrices
originating and ending in this higher order critical point can generally not
be detected and visualized correctly.

e If a separatrix does not originate or end in a critical point and separate
two regions of different flow behavior there (i.e. if the separatrix is not of
type 1 - see section 4.1.2), it may be missed out by the topology extraction
step.

However, the topological skeleton has been proven to be a successful technique
for vector fields containing only first order critical points and separatrices of the
type 1 (see section 4.1.2). Figure 4.29b illustrates the topological skeleton of
the vector field shown in figure 4.29a.

Due to the still undefined concept of topology for unsteady 2D vector fields,
extensions of the concept of topological skeleton to this class of vector fields
seem not to exist.
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Figure 4.30: A local probe which represents — among other measures — the curvature
of the tangent curve in the selected locations of the vector field (from [44]).

To extend the method to 3D vector fields, [69] gives an approach to represent
the topology of a first order critical point while the concept of separatrices seems
not to have been used yet for visualization purposes.

4.3.2.2 Flow ribbons

Flow ribbons are based on tangent curves in a 3D vector field. There the tangent
curves are not visualized as line segments but as narrow ruled surfaces following
the flow. (See [55] for an introduction to ruled surfaces). This way additional
information can be coded into size and orientation of the ruled surface. One
common measure to be encoded by flow ribbons is the rotation (a vector field
- see section 4.1.8) in each point of the tangent curve. This vector defines
orientation and size of the ribbon in every point (see [96]).

Since flow ribbons are based on the integration of tangent curves, all ad-
vantages and disadvantages of tangent curves (described above) apply as well.
The rotation of the vector field can be directly computed in each point of the
tangent curve; no further numerical problems in computing the ruled surface
appear.

4.3.2.3 Probes

The idea of probes is to place certain 3D icons at selected locations of the vector
field. These icons encode local properties of the vector field in this point. These
properties may be geometric properties of curves and surfaces. [44] introduces a
local probe which encodes — among others — the curvature of the tangent curve
in the selected points. See figure 4.30 for an illustration. Probes which encode
other curve and surface properties like torsion of the tangent curve or Gaussian
and Mean curvature of the perpendicular surfaces (see section 4.1.8) are possible
as well.

4.3.3 Global methods

Global methods show the behavior of the entire vector field. Hence they do not
focus on certain locations in the vector field. The general approach is to map
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a) b) c)

d)

Figure 4.31: Examples of LIC images; a) electrostatic field of a dipole; b) flow around
a cylinder; c) electrostatic field of a Benzene molecule; d) electrostatic field of a water
molecule; data sets courtesy of Konrad-Zuse-Institut Berlin (Germany); (images from
[156]).

relevant properties of the vector field to a scalar field which can be rendered
using standard techniques.

Among the existing global methods there are a number of methods which
use curves and surfaces — directly or indirectly by visualizing their properties —
for encoding the important information on the vector field. Here we treat the
techniques LIC and Spot Noise, Integrate&Draw, and curvature plots.

4.3.3.1 LIC and Spot Noise

LIC (Line Integral Convolution, [26]) and Spot Noise ([198]) are techniques
which map a 2D vector field into a 2D scalar field which emphasizes the recog-
nition of the behavior of all tangent curves. Following the fact that the recog-
nition of tangent curves gives an intuitive visual impression of the vector field,
LIC and Spot Noise create scalar fields which show as many tangent curves as
possible without overlaying them.

The idea of Spot Noise is to transform a certain input texture in the vector
field into the direction of the flow.

LIC uses a grey-valued noisy input texture and convolutes this into the
flow direction (see [26] and [167] for details). This way the resulting texture
changes its color only slightly in flow direction while rapid changes appear in
the direction perpendicular to the flow. Although the resulting texture may
look rather blurry, it gives a good impression of the behavior of the vector field.
Figure 4.31 shows LIC images for a number of vector fields.

To apply LIC, a local numerical tangent curve integration has to be applied
for each pixel. This procedure makes LIC rather time consuming. The FAST
LIC algorithm introduced in [178] speeds up the LIC algorithm significantly.
Using the fact that most of the information computed to obtain the color of
a certain point in the vector field can be reused to compute the color of the
adjacent points into flow direction, [178] applies the convolution not pixelwise
but along the stream lines. To do so, [178] provides strategies to select tangent
curves in such a way that each pixel is covered by at least one tangent curve. If
a pixel is covered by more than one tangent curve, its final color is obtained by
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Figure 4.32: Examples of Integrate§&Draw images show a visual improvement to the
LIC images of figure 4.31; a) electrostatic field of a dipole; b) flow around a cylinder;
c) electrostatic field of a Benzene molecule; d) electrostatic field of a water molecule;
data sets courtesy of Konrad-Zuse-Institut Berlin (Germany); (images from [156]).

averaging the colors of the tangent curves through it.

The LIC concept has been extended in various ways. In order to additionally
visualize the orientation of the flow, [203] uses asymmetric filter kernels. [60],
[14] and [131] apply LIC to vector fields on surfaces. [61] and [173] use LIC for
unsteady flows, while [101] and [155] study LIC for 3D vector fields. LIC and
Spot Noise are compared in [42].

4.3.3.2 Integrate&Draw

Starting from the idea of LIC, [156] goes a step further to create scalar fields
of a 2D vector field, which enables the user to recognize the behavior of the
tangent curves. As in the FAST LIC case, a set of tangent curves has to be
found which covers all pixels at least once. Instead of using these tangent curves
to convolute an input textures, [156] simply draws each of them in a random
grey color. If more than one tangent curve passes a pixel, a weighted average
of their grey values is computed as

g1+2g+...+ngn
1+2+..+n

g:

where g is the final grey value of a pixel covered by n tangent curves with the
grey values g1, ..., g,. This weighted average ensures that for high numbers of
tangent curves in a pixel the average grey value does not converge to 0.5.

The application of LIC gives images where the tangent curves are clearer
visible than in the LIC case. Figure 4.32 illustrates this. [156] states that the
computation cost of Integrate&Draw is also lower than for FAST LIC.

4.3.3.3 2D curvature plots

In section 4.1.5 we introduced the curvature x(v) of a 2D vector field v as a
derived scalar field. A logical next step is to try to use this scalar field as a
global visualization technique for vector fields.

Following [185], we want to visualize the curvature x of a 2D vector field in
the following way: compute « for every point of the domain and color code these
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Figure 4.33: Linear vector field with saddle point (a..d); linear vector field with
repelling focus (e..h); linear vector field with center (i..1).

values. To do this we use a continuous color coding map with the following
properties: a negative value is mapped to a green color, a positive value is
mapped to a red color. The higher the magnitude of the value the lighter the
color gets. A zero value gives black; if the value diverges to plus (minus) infinity
the red (green) color tends to white.

The pictures a-d of figure 4.33 give an example of the vector field v(z,y) =

1 4

3 )71
repelling saddle. Figure 4.33a shows its numerical tangent curve integration.
Figure 4.33b is the visualization of its curvature. Figures 4.33d and 4.33c show
the same for the perpendicular vector field v-. In this case, v has a repelling
saddle at (0,0) as well.

The reason for visualizing the curvature of both v and v' is shown by
considering the following visualization properties:

In the curvature visualization b) of figure 4.33 the critical point appears as
highlight. Considering (4.21), k(v) tends to infinity only if the denominator
of k tends to 0. This occurs only at critical points. Therefore, a highlight in
the curvature visualization always indicates a critical point in the vector field.
The reverse question arises: does every critical point produce a highlight in the
curvature visualizations? The answer is yes, if we exclude certain degenerate
points. A degenerate critical point of a vector field v is a critical point where the
directions of the vectors of v do not change in the neighborhood of the critical
point. For non-degenerate critical points, we have the following

y. This linear vector field has a critical point at (0,0) - a

Theorem 5 In the neighborhood of a mon-degenerate critical point of a 2D
vector field v, the curvature of v or v (or both curvatures) tend to infinity.

An exact definition of a degenerate critical point and the proof of this theorem
can be found in [185]. The same theorem can be formulated in the following
way: non-degenerate critical points in a vector field v always produce highlights
in the visualization of the curvature of v or v*.

Considering the curvature visualizations b) and c¢) of figure 4.33 again, an-
other question arises: Do the curvature visualizations of v and v+ contain all

information about v 7 The answer is given by

Theorem 6 Given are two 2D vector fields vi and vo which have non-constant
direction fields. If k(v1) = k(v2) and k(vit) = k(vat) then the directions of
the vectors of vi and vo coincide in every point.
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Figure 4.34: Higher order saddle point (a..d); critical point with two elliptic sectors
(e..h); dipole (i..1).

See [185] for a proof. Theorem 6 has an interesting consequence: the curvatures
of v and v together contain all information about the directions of the vectors
in v. Therefore, the curvatures of v and v+ contain all information about the
topology of v. This statement is true for vector fields of general topology.

Pictures e-h of figure 4.33 show a linear vector field with a repelling focus.
Figure 4.33e is the numerical stream line integration, figure 4.33f is the curvature
visualization. Figures 4.33h and 4.33g show the same for the perpendicular
vector field. The repelling focus appears completely green around the highlight
in the curvature visualization and completely red in the curvature visualization
of the perpendicular vector field. Figures 4.33 i-1 show the visualization of
a center. It appears completely green around the highlight in the curvature
visualization (figure 4.33j) and has 4 different areas (colored red or green) each
of 90 degrees in the perpendicular curvature visualization (figure 4.33k).

Figure 4.34 shows a collection of higher order critical points. None of these
points can be treated using the topology methods of [87] but their curvature
visualization gives a fairly good impression of them. Figures 4.34 a-d show
a saddle point with 4 pairs of tangent curves through it. In the curvature
visualization (figure 4.34b) we have eight differently colored sections around the
critical point. The perpendicular field (figure 4.34c) has eight different sections
as well. Figure 4.34 e-h shows the visualization of the vector field v(z,y) =
(y%,22)T in the range [—1,1] x [~1,1]. This vector field has a critical point
with two elliptic sections in (0,0). Observing the stream line integration (figure
4.34e), this critical point may be missed. The curvature visualization (figure
4.34f) shows it clearly as a highlight with six differently colored sections around
it. Here the visualization of the perpendicular curvature has two differently
colored areas (figure 4.34g). Figures 4.34 i-1 show the visualization of a vector
field describing a dipole. Both the visualization of its curvature (figure 4.34j) and
its perpendicular curvature (figure 4.34k) show two differently colored sections
around the highlighted critical point.

A general algorithm which infers the topology of higher order critical points
from the curvature visualizations is still unknown. Nevertheless, the higher
order critical points of figure 4.34 can be clearly distinguished from the first
order critical points of figure 4.33 by their curvature visualizations.

An implementation of the curvature of 2D vector fields (as well as Integrate
& Draw) has been realized in the system CurVis. This system also uses adap-
tive image generation to provide flow visualizations to remote clients over the
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a) b)

c) d

“

Figure 4.35: Linear vector field with a first order critical point of the type
(RN,RN,RN); a) curvature x(v); b) Gaussian curvature K(v); c¢) Mean curvature
H(v); a) torsion 7(v); (from [205]).

internet®.

Another concept of curvature of vector fields is used [207]. There the vector
field is converted into a scaler field called level set. The local curvature of the
isosurfaces of this level set is computed and used as input of an optimization
process of the vector field.

4.3.3.4 3D curvature plots

In [205] the usage of curvature plots was extended to the visualization of 3D
vector fields. As shown in the previous section, in the 2D case the curvature of a
vector field v and the curvature of its perpendicular vector field v+ were useful
features for visualization. The scalar fields we consider for a 3D vector field are
the curvature x(v) of the tangent curves, the torsion 7(v) of the tangent curves,
the Gaussian curvature K (v) of the normal surfaces, and the Mean curvature
M (v) of the normal surfaces (see section 4.1.8).

In [205] the behavior of these scalar fields around first order critical points
is studied. The results are somewhat similar to the 2D case: around first order
critical points at least one of the scalar fields «, 7, K, H tends to infinity. Thus
the visualization of these scalar fields enables the user to visually detect critical
points. The topological classification of the 3D critical points can also be ob-
tained from these scalar fields. To visualize these 3D scalar fields, [205] extracts
a number of isosurfaces using a Marching Cubes-like algorithm on an adapted
octree structure. Depending on the shapes of the isosurfaces around a 3D crit-
ical point, its topological classification can be inferred. Figure 4.35 shows the
visualization of curvature, torsion, Gaussian curvature and Mean curvature of a
vector field around around a first order critical point of the type (RN,RN,RN)0 .

9Curvis can be accessed at
http://www.informatik.uni-rostock.de/Projekte/movi/IIS/curvisrdr.html
10This abbreviation means that in each eigenplane of the Jacobian matrix in the critical
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Figure 4.36: Linear vector field with a first order critical point of the type (AN,Sa,Sa);
a) curvature x(v); b) Gaussian curvature K(v); c) Mean curvature H(v); a) torsion
7(v); (from [205]).

Figure 4.36 shows the same features around a first order critical point of another
type (AN,Sa,Sa)'! .

Although [205] shows the usefulness of the visualization of the scalar fields
for detecting and classifying first order critical points, their behavior around
general 3D critical points is still unknown. This is mainly due to the fact that a
classification of general 3D critical points does not seem to exist in the context
of scientific visualization.

In [160] the curvature and torsion of a vector field is used to detect vortex
core lines.

4.4 Design of Vector Fields

Up to here, the vector fields we have considered for visualization were obtained
from measured or simulated flow data sets. This section introduces a new way
of obtaining vector fields: by design. The design of vector fields is strongly
related to the ideas of curve and surface design in the CAGD context.

In CAGD, a curve/surface is designed by interactively moving a skeleton of
control points. Out of this skeleton of control points, the resulting curve/surface
is constructed. The skeleton is supposed to contain the essential information of
the curve/surface in an intuitive way.

Transferring these ideas to the construction of vector fields, we have to find a
skeleton of a vector field which describes the essential information of the vector
field. As introduced in section 4.1.3, the topological skeleton is a good candidate
for this.

point the 2D vector field has a repelling node behavior.

1 This abbreviation means that in one eigenplane of the Jacobian matrix in the critical point
the 2D vector field has an attracting node behavior, while in the two remaining eigenplanes
the 2D vector fields have saddle points.
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The construction of vector fields out of their topological skeletons has the
following applications:

e As shown in section 4.3.2.1, for sufficiently complicated vector fields of
general topology it is impossible to determine their exact topology. Hence
it is impossible to judge if a new visualization technique represents the
topology of a given vector field correctly. The topology-based construction
of vector fields gives vector fields of a known topology of any complexity.
These vector fields may serve as test data to evaluate the topological
behavior of flow visualization techniques.

e For simple vector fields, the topological skeleton can be extracted auto-
matically; based on this skeleton a new vector field can be constructed,
which may be a compressed version of the original one consisting of ex-
actly the same topology. Thus a construction of vector fields can be used
for vector field compression.

The rest of this section 4.4 is organized in the following way: section 4.4.1
introduces how to describe the topological skeleton of a vector field as a set of
control points and -polygons. Section 4.4.2 constructs a vector field out of this
set of control points. Section 4.4.3 applies this method for the compression of
vector fields.

4.4.1 Control polygons to describe the topological ske-
leton

In CAGD, the skeleton of a curve/surface is described by a set of control poly-
gons. In a similar way we want to describe the topological skeleton of a 2D
vector field as a certain set of control polygons.

Since the topology of a 2D vector field consists of critical points and separa-
trices, we have to find control polygons both for critical points and separatrices.
As introduced in section 4.1.1, a critical point is topologically classified by the
sectors of different flow behavior. These sectors are separated by separatrices.

To describe a critical point consisting of n different sectors, we use a convex
closed polygon (po, ..., Prn—1) and a point p inside this polygon. Then p denotes
the location of the critical point while the n separatrices are denoted by the n
line segments (p, po), (P, P1), -, (P, Pn—1)- Since each separatrix has either an
inflow or outflow behavior, each of the line segments (p, po), (P, P1), ---» (P Pn—1)
has to be marked either as inflow or outflow. Then the n areas of different flow
behavior are defined by the n triangles (p, Pi; P(i+1) mod n) for i = 0,...,n — 1.
If for an area (P, Pi, P(i+1) mod n) Poth separatrices (p, pi) and (P, P(i+1) mod n)
denote inflow (or both areas denote outflow), the triangle (p, Ps, P(i+1) mod n) de-
scribes a parabolic sector. Otherwise it has to be additionally specified whether
the area should describe a hyperbolic or elliptic sector. Figure 4.37a illustrates
the control polygon for a critical point consisting of 7 areas of different flow
behavior.

Special treatment is necessary for first order critical points of an index of +1.
Considering the (v, r) phase plane classification of critical points introduced in

1

section 4.1.6.2, these are all critical points with r > 5. These critical points

consist of only one parabolic sector; thus the general treatment described above
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P2

Figure 4.37: a) control polygon of a critical point consisting of 7 areas of different flow
behavior: hyperbolic, elliptic, hyperbolic, elliptic, parabolic, hyperbolic, hyperbolic;
b) control polygon of a first order critical point of index +1 with (v, r) coordinates of

(5. 10)
4710/"

fails. To describe them we use a rectangle (po, p1, P2, P3) with ||p1 — pol =
lp2 — Pill = |lps — p2ll = |lpo — psl|- Then the location p of the critical
point is the center of the rectangle. In addition, for one of the vertices (for
instance pg) the flow direction vector v has to be specified. Then the rectangle
(Po, P1, P2, P3) shall describe a first order critical point in p with the following
(v,7) coordinates:

angle(po — p, vo)
1 1 T2

r o= —+—
2 r12 4 192

2
Il

with 71 = ||p2 — po|| and r2 = ||ps — p1]|- The orientation of the whole rectan-
gle denotes the domain rotation component of the critical point. Figure 4.37b
illustrates the control polygon of a first order critical point with the (v,r) co-
ordinates of (%, 19—0).

To design separatrices, we search for a curve scheme which has to fulfill two
conditions. On the one hand we need a curve scheme of a high flexibility and
smoothness which can model even complicated shapes by smooth curves. On
the other hand we have to keep the curve scheme simple enough to construct
vector fields with exactly these curves as tangent curves.

We have chosen a piecewise G (tangent direction) continuous quadratic
Bézier spline curve approach. As we will see later in section 4.4.2, this class of
curves can nicely be incorporated into a piecewise linear vector field. The Bézier
polygons of the curves are the control polygons of the separatrices. Figure 4.38
illustrates an example. Note that these control polygons must not intersect any
of the control polygons of the critical points.

To illustrate the complete construction of the topological control polygon, we
construct the topological skeleton of a certain vector field of higher order topol-
ogy as shown in figure 4.39. First we construct the control polygons of 3 higher
order critical points as shown in figure 4.39a. As we can see in this figure, the
upper critical point consists of 4 hyperbolic sectors, the critical point in the
middle consists of 5 hyperbolic and one elliptic sectors, while the lower critical
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Figure 4.38: Separatrix as a piecewise G' continuous Bézier spline curve.

point consists of 4 hyperbolic and one parabolic sectors. In the next step, three
more first order critical points of index +1 are constructed as shown in figure
4.39b. Then the separatrices are designed as piecewise G' quadratic Bézier
spline curves, as shown in figure 4.39c. The result is a complete topological
skeleton as shown in figure 4.39d.

The example above also gives an answer to the question of what size the
control polygons for the critical points should have: they should be as large as
possible, but sufficiently small not to intersect each other and to leave enough
space to construct the separatrices in an appropriate resolution.

4.4.2 Constructing a vector field from a topological skele-
ton

In this section we describe how to convert the topological skeleton described in
section 4.4.1 into a vector field of exactly the specified topology.

The vector field we obtain will be a piecewise linear vector field. To apply
this class of vector fields, two problems have to be solved:

1. How to describe higher order critical points using piecewise linear vector
fields?

2. How to describe piecewise quadratic separatrices using piecewise linear
vector fields?

Problem 1: To solve this problem, we adapt the main idea of [194]. Given the
closed polygon (po, ..., Prn—1) and the the critical point p inside this polygon,
we construct the following initial triangulation: p is assigned with the zero
vector v = (0,0)T; p; is assigned with the vector v; = \; (p; — p) with \; # 0
for i = 0,...,n — 1. The sign of \; depends on the inflow/outflow behavior
of the separatrix (p,p;). A positive \; gives an outflow separatrix while a
negative \; gives an inflow separatrix. The magnitudes of A; can be freely
chosen at this stage of the modeling process. To avoid numerical problems, it
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Figure 4.39: Constructing a topological skeleton: a) design control polygons of general
critical points; b) design control polygons of first order critical points of index +1; ¢)
design control polygons of separatrices; d) the final topological skeleton.

is recommended that all A\; have approximately the same magnitude. For the
following applications we have chosen \; = +1. Then the initial triangulation to
describe the critical point is given by the triangles (p, Pi, P(i+1) mod ») With the
assigned vectors (V, Vi, V(i4+1) mod n) for i =0,...,n — 1. Figure 4.40a illustrates
this initial triangulation for the example shown in figure 4.37a.

If a sector (P, Pi; P(i+1) mod n) describes a hyperbolic sector, a linear interpo-
lation of the vectors (v, Vi, V(i+1) mod »n) inside the triangle (p, Pi, P(i4+1) mod n)
is applied. Figure 4.40Db illustrates this for all hyperbolic sectors of the example.
Also a linear interpolation is applied for all parabolic sectors, as shown in figure
4.40c.

If the sector (P, Pi, P(i+1) mod n) describes an elliptic sector, the triangle
(P, Pi» P(i+1) mod n) has to be refined by inserting an auxiliary point q; with an
assigned auxiliary vector w;, and considering the two new triangles (p, pi, q;)
and (P, i, P(i+1) mod n)- Describing q; and w; by
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Figure 4.40: a) initial triangulation for the example shown in figure 4.37a; b) linear
interpolation in all hyperbolic sectors; ¢) linear interpolation in all parabolic sectors.

qQi = ap+6pl+’7p(z+l) mod n

w; = —(6Vi+EV(it1) modn)

with a4+ 8+ ~v =1 and (3,7, d,e > 0, we formulate the following constraints for

qi, Wit

e The triangles (p, pi, d:) and (P, Qi; P(i+1) mod »n) MUst not create new sep-
aratrices by applying a linear interpolation inside them, i.e.

det((l—t)pi+tqi—p, (l—t)Vi+tWi)7é0
det((l_t)qi+tp(i+1) modn — P, (1_t)wz+tv(z+1) modn) 750

for0<t<1.

e The piecewise linear vector field over the two triangles (p, pi,q;) and
(P, Qis P(i+1) mod n) 18 curvature continuous (see (4.21))

e 0242 — min.

These three conditions form a minimization problem with boundary conditions.
It has a unique solution for «, 3,7, d, ¢ and therefore for q; and w;:

1
G = 5 (pi + P(i+1) mod n)
1 i i . _ i
2 X(i+1) mod n (vl T V(i+1) mod ”) for A(i41) mod n =1
w; =

A(i4+1) mod n (

3R (Vi 4 V() mod ) fOr —5—2— <1

>\(i+1) mod n

where Ai, A\(i+1) mod n are obtained from v; = A; (p; — p) and
V(i+1) mod n = A(i+1) mod n (P(i+1) mod n — P). Figure 4.41 illustrates this.

If the critical point to be described is a first order critical point of index +1, we
construct a piecewise linear vector field out of its topological skeleton shown in
figure 4.37b in the following way: the vectors v; assigned to the control points
pi (i =1,2,3) are computed by

[vill = lIvoll

angle(v;,p; —p) = angle(vo,po—P)
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Figure 4.41: Constructing an elliptic area: a) initial sector; b) location of w; relative
to v; and viy1; c) refined triangulation after inserting q; with w;; d) application to
the example in figure 4.37a.

Figure 4.42: Modeling a first order critical point of index +1; a) topological skeleton;
b) constructed triangulation; c) resulting piecewise linear vector field.

Then a piecewise linear interpolation over the two subtriangles (po, p1, ps) and
(P1, P2, P3) gives the desired first order critical point. Figure 4.42 illustrates
this.

Problem 2: In [141] it has been shown that the tangent curve of a linear vector
field is in general a certain exponential curve. In order to describe a separatrix
(i.e. a special tangent curve) as a parabola segment, we search for a useful
special configuration of the vector field where a tangent curve simplifies to a
parabola. We formulate

Theorem 7 Let a non-degenerate 2D triangle (po, p1, P2) assigned with the 2D
vectors (vo, Vi, Va) have the following properties:

vo = Xo(P1—Po) (4.72)
ve = X (p2—P1) (4.73)
v = % (A2 (P1 —Po) + Ao (P2 —P1)) (4.74)

for certain Ao, A2 > 0. Applying a linear interpolation of the vectors (vo,vi, va)
inside the triangle (po, P1,P2), the following statements for the resulting linear
vector field hold:

1. The tangent curve passing through pg passes through po as well.



4.4. DESIGN OF VECTOR FIELDS 119

a) P

Vo

Po

Figure 4.43: Illustration of theorem 7; a) illustration of condition (4.72) - (4.74); b)
resulting vector field and parabola shaped tangent curve.

2. The tangent curve through po and ps has the same shape (but not nec-
essarily the same parameterization) as the parabola defined by the Bézier

pOZTltS (p07 P1, p2)

To prove theorem 7 we have to show that for every point on the parabola defined
by the Bézier points (pg, p1, P2) the tangent direction and the direction of v at
the curve location coincide. Let

x(t) =Y Bi(t) ps
i=0

be the parabola where BZ(t) are the Bernstein polynomials (see [55]). Since
Z?:o B2(t) = 1, the Bernstein polynomials can be considered as the barycentric
coordinates relative to the points p;. Thus we obtain

2
v(x(t)) = Y BI(t) vi. (4.75)
=0
Inserting (4.72) - (4.74) into (4.75) gives

v(x(t))

(=820 +tx) (1) (1 —po) + (P2 — 1))

% ((1 —t) Ao +1 >\2> x(t) (4.76)

which proves the theorem. Figure 4.43 illustrates theorem 7.

Now theorem 7 can easily be used to construct a piecewise linear vector field
which describes a G piecewise quadratic separatrix of a given skeleton. Figure
4.44 illustrates this for the separatrix shown in figure 4.38.

Now we can formulate the algorithm to construct a piecewise linear vector field
of a given topological skeleton:

1. Construct the piecewise linear vector field inside the control polygons of
all general critical points.
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Figure 4.44: Constructing a piecewise linear vector field consisting of a piecewise
G' quadratic separatrix; a) construct vectors at the junction points using (4.72) and
(4.73); b) construct vectors at intermediate points using (4.74); c) resulting piecewise
linear vector field and separatrix.

2. Construct the piecewise linear vector field inside the control polygons of
all first order critical points of index +1.

3. Construct the piecewise linear vector field describing all separatrices.

4. Specify the flow direction vector at additional interesting points and in
the corner vertices of the domain.

5. Triangulate the remaining parts of the vector field using only the already
defined vertices, and apply a piecewise linear interpolation on this tri-
angulation. To do this, we used a Delaunay triangulation. In this step
no further critical points have to be obtained. For a correct and com-
plete topological skeleton the appearance of new critical points can be
prevented by interactively introducing new auxiliary vertices and their
assigned vectors in the still uncovered areas of the vector field.

The result of this algorithm is a piecewise linear vector field of exactly the
same topology as specified in the topological skeleton. Figure 4.45 illustrates
this algorithm by constructing a piecewise linear vector field to the topological
skeleton introduced in figure 4.39. This vector field with 3 general critical points
and 3 first order critical points is constructed as piecewise linear vector field
consisting of 79 vertices and 138 triangles.

4.4.3 Simplification and compression of vector fields

In recent years the simplification and compression of vector fields have become a
popular research topic in scientific visualization. Flow data sets (and the vector
fields derived from them) are continuously growing, so that their simplification
and compression becomes significant in the visualization process.
Simplification of a vector field means finding a new vector field which keeps
the most important properties but skips the less important details. In [43] the
topology of a 2D vector field is simplified using area metrics. There the input
vector field has to consist of a simple topology (i.e. only first order critical
points and separatrices of type 1 (see section 4.1.2)). The output vector field is
a simple vector field with a reduced number of critical points. In [194] a vector
field of a rich simple topology (i.e. with a large number of critical points) is
simplified by replacing clusters of first order critical points by a higher order
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Figure 4.45: Constructing the piecewise linear vector field for the topological skeleton
of figure 4.39; a) construct piecewise linear vector field for general critical points;
b) construct piecewise linear vector field for first order critical points of index +1;
¢) construct piecewise linear vector field for separatrices; d) Delaunay triangulate
remaining parts and apply piecewise linear interpolation; e) final vector field consists
of 79 vertices and 138 triangles; f) curvature plot of e).

critical point. Both approaches in [43] and [194] can be used for multiresolution
representations of vector fields. Note that a topological simplification of a vector
field does not necessarily cause a compression. For instance the simplified vector
fields in [194] may even be bigger than the originals.

To compress a vector field means finding a new vector field of smaller size
which keeps important properties of the original one. Compression algorithms
are well researched in the context of images and scalar fields. So the first
approaches to compressing vector fields focused on adapting compression tech-
niques of other data classes. In this way [86], [183] and [67] construct hierarchies
of compressed vector fields.

Although the topology of a vector field is an important feature, compression
techniques coming from these areas are usually not topology-preserving. In fact,
the compressed vector fields may have significant different topologies than the
originals.

[128] introduces the first approach to compress a vector field while preserving
its topology by applying a bottom-up clustering similar to [183]. For vector fields
with a poor topology (i.e. only a few critical points and separatrices), significant
compression rates can be achieved. Figure 4.46a shows the gradient field from
one of Franke’s data sets
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Figure 4.46: a) test data set (4.77) on a regular 38 x 38 grid; b) compressed version
of the same topology, compression ratio 90%; (images from [128]).
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in the domain [0, 1], sampled by a 38 x 38 grid. Figure 4.46b shows the com-
pressed vector field of the same topology; the achieved compression ratio there
was 90%.

[49] obtains a simplified representation of a scalar field (and thus of its de-
rived gradient vector field) by extracting the Morse complexes and reconstruct-
ing them by piecewise linear scalar fields.

In the remaining part of this section we want to introduce a new topology-
preserving compressing technique for 2D vector fields of a simple topology. This
technique is a direct application of the vector field design approach discussed in
this section 4.4.

Given a 2D vector field of a simple topology, its topological skeleton can be
extracted automatically (see [87]). The result of this extraction process is the
exact classification of all first order critical points, and numerically integrated
separatrices. To convert this into a set of control polygons described in section
4.4.1, the numerically integrated separatrices have to be replaced by piecewise
G' quadratic curve segments. This may be done interactively or automatically
by placing an appropriate number of sample points on the numerically integrated
curve and declaring them as junction points of the parabola segments.

After the topological skeleton is constructed as shown in section 4.4.1, a
vector field of exactly this topology can be constructed following the approach
of section 4.4.2. The new vector field obtained this way has exactly the same
topology as the original one. It turns out that for vector fields with rather poor
topology, the new vector field is a compressed version of the original one.

To demonstrate this compression algorithm we consider the vector field
(4.77) as shown in figure 4.46a. The Integrate&Draw version and the curvature
plot of this vector field are shown in figure 4.47a and 4.47b. After automatically
extracting the topology, the first order critical points are modeled as shown
in figure 4.47c. Figure 4.47d shows how the separatrices are modeled in the
piecewise linear vector field. (Since some of the separatrices in this vector field
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Figure 4.47: a) vector field (4.77) on a 38 x 38 regular grid: 1444 grid points; b)
curvature plot of a); ¢) remodeling the critical points as piecewise linear vector field;
d) remodeling the separatrices as piecewise linear vector field; e) complete remodeled
piecewise linear vector field consists of 40 vertices and 68 triangles: compression ratio
95%; f) curvature plot of e).

are approximately straight lines, the triangles representing them collapse to line
segments.) Figure 4.47e shows the final piecewise linear vector field which con-
sists of 40 vertices and 68 triangles. Thus the compression ratio to the original
vector field is 95%; the visual differences between figure 4.47e and the original
in figure 4.47a are only marginal. Figure 4.47f shows the curvature plot of figure
4.47e.

Another example of a vector field with a richer topology is shown in figure
4.48. Figure 4.48a shows a fragment of the data set already shown in figure 4.27.
It consists of a regular 34 x 34 grid and has therefore 1056 grid points. Figure
4.48b shows it curvature plot. Figure 4.48c shows the construction of the critical
points as a piecewise linear vector field. Figure 4.48d shows the construction of
the separatrices. Figure 4.48e shows the complete remodeled piecewise linear
vector field consisting of 124 vertices and 226 triangles. This gives a compression
ratio of 79% in comparison to figure 4.48a. The curvature plot in figure 4.48f
both reveals the underlying triangulation and shows the effect of compression
in comparison to figure 4.48b.

The new topology-preserving compression algorithm introduced here gives high
compression rates if the original vector field has a rather poor topology. This
means only a small amount of information is necessary to describe the topology.
In fact, the compression ratios are higher than the only comparable approach in
[128]. However, for a rich topology a higher amount of information is necessary
to describe it. Hence the compression ratios are lower.
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Figure 4.48: a) fragment of the vector field shown in figure 4.27 on a 34 x 34 regular
grid: 1056 grid points; b) curvature plot of a); c¢) remodeling the critical points as
piecewise linear vector field; d) remodeling the separatrices as piecewise linear vector
field; e) complete remodeled piecewise linear vector field consists of 124 vertices and
226 triangles: compression ratio 79%; f) curvature plot of e).

A multiresolution version of the new compression algorithm is possible by
successively inserting auxiliary vertices and their assigned vectors before the
step of triangulating the remaining areas.



Chapter 5

CAGD for the Visualization
of Multiparameter Data

Multiparameter data is another data class on which scientific visualization fo-
cuses. In recent years a large number of visualization techniques for multipa-
rameter data have been developed which focus on different data characteristics
and aims of the analysis.

Using the data classification of [23], the data we consider here can be writ-
ten as E;”S with m > 2. Furthermore it is assumed that a certain grid in
the n-dimensional domain is present. This means that at each point of an n-
dimensional grid m scalar values are measured or computed!. We call this kind
of data m-variate data on an n-dimensional grid. The n variables defining the
underlying grid are also called independent variables while the m variables at
the grid points are called dependent variables.

A commonly used model to describe multiparameter data is a table with
n + m columns, one column for each (dependent or independent) variable. In
such a table each column has to be annotated to state if it describes either an
independent or a dependent variable. A row in the table defines an observation
case O which is simply an (m + n)-tuple of scalar values realizing the (m + n)
variables. Figure 5.1a gives an illustration.

We can see that a description of a data set as a table gives a priori an equal
treatment of independent and dependent variables. In fact, independent and
dependent variables are only distinguished by the annotations to the columns,
not by the table itself.

Given a multiparameter data set, there are two general strategies to find a
visualization. The first strategy is to abstract from dependent and independent
variables and treat them equally for the visualization. The second strategy is
to distinguish carefully between independent and dependent variables in the
visual representation. The independent variables which usually describe the
spatial or temporal context of the data are mapped to adequate attributes of
the visualization such as position or time of appearance/disappearance.

Which strategy should be preferred depends on the particular application .
For the purpose of this work (i.e. applying CAGD methods to multiparameter
data) we focus on the first strategy and treat the visualization techniques which

L1f the data set is incomplete, fewer than m scalar values may be present at a grid point.
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Figure 5.1: a) description of multiparameter data as a table; b) description of multi-
dimensional data by abstracting from dependent and independent variables.

apply there. A detailed discussion of the second strategy (i.e. multiparameter
data with spatial and temporal context) can be found in [167].

Considering the table description of figure 5.1a again, an abstraction from
independent and dependent variables can simply be achieved by omitting the
dependent /independent annotations of the columns. Virtually the same effect
results if we set all annotations of the columns to ”"independent”. This way the
data set of the type E™° is transformed to the type EL 4n- Data of this type
EP +n, 18 also called multidimensional data.

The similar effect of abstracting from independent and dependent variables
is caused by setting all annotations of the columns to ”dependent”. This way a
data set of the type E™7 is transformed to the type Egs where ¢ is the number
of observation cases in E™°. Data of the type Egs is called multivariate data.

For the rest of the chapter we deal with multidimensional data for which
a simplified description as a table is illustrated in figure 5.1b. Each of the n
columns? is assigned a dependent variable which now is also called dimension
D. A row in the table is called observation case. It consists of an n-tuple of
scalars which describe a point in the n-dimensional data space.

Figure 5.2 shows the pipeline for the visualization of multidimensional data.
We recognize the three steps (filtering, mapping, rendering) of the general vi-
sualization pipeline for scientific data (see section 2.3.1). In addition, the step
of data selection plays an important role for multiparameter data. In this step
the data set to be visualized is reduced either by choosing certain dimensions
or observation cases or by applying a data selection process.

It is the purpose of this chapter to explore the applicability of CAGD meth-
ods in the visualization of multidimensional data. Since interpolation issues do
not play such an important role as for instance in flow visualization, the only
part of the visualization pipeline where we see CAGD applications is the map-

2We use the simplified notation n instead of m + n because the old m and n are not
distinguished any more.
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Figure 5.2: Visualization pipeline for multiparameter data.

ping part. In fact, there is a variety of mapping techniques which use curves and
surfaces to represent the high amount of data which is usually present. Follow-
ing [167] we can distinguish between 5 classes of visualization techniques: panel
matrices, icon based techniques, line representations, pixel based techniques and
hierarchical techniques?.

Panel matrices ([210]) pick pairs of variables and visualize the data as a
number of matrix plots of these pairs of variables. Representatives of this class
of visualization techniques are scatter plot matrices ([32]), prosection views
([175]) and hyperslices ([199]). All these techniques have in common the fact
that they use point clouds for the visualization of the 2D matrices. Hence an
application of curves and surfaces is not done for panel matrices.

Pizel based techniques ([111]) map every observation case to a certain pixel
and color code its value there. This way a high amount of data can be encoded
onto the screen. Representatives of these techniques are grouping techniques
([110]) and recursive pattern techniques ([109]). Due to the nature of pixel
based techniques, applications of curves/surfaces to them do not exist.

For the remaining classes of visualization techniques for multidimensional
data (icon based techniques, line representations, hierarchical techniques), the
application of curves/surfaces is possible. We treat each of these classes in one
of the following sections 5.1 — 5.3 in detail.

5.1 Icon Based Techniques
The idea of icon based techniques is to create a geometric object for each ob-

servation case (i.e. each line in the table describing the multidimensional data).
This object is called an icon; in it all values of an observation case are encoded

3[167] introduced this distinction particularly for multivariate data. Concerning the data

transformations described above, we can use them for multidimensional data as well.
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in the following features:
e shape of the icon
e size of the icon
e drawing attributes (color, transparency)
e location of the icon.

Observing a number of these icons, the user may detect geometric similarities
or trends in the patterns of the icons which denote inner correlations of the
multiparameter data.

A variety of different icons have been developed like stick figures ([149]),
color icons ([125]), Chernoff faces ([28]), data jacks ([85]), and shape coding
([15]).

Due to the fact that the human eye reacts rather sensitively to the shape of
a surface, surfaces are promising candidates to build icons for multidimensional
data. The ShapeVis approach in [193] was especially designed to realize this
idea. Thus we treat it in detail in the next section.

5.1.1 The ShapeVis approach

The ShapeVis approach introduced in [193] builds a curve or surface shaped icon
for each observation case of a multidimensional data set. These icons are placed
in the 2D or 3D presentation space in such a way that observation cases with
similar properties are visualized spatially close to each other. Here we consider
an observation case O (i.e. a row in the table describing the multidimensional
data) as an n-tuple (c1,...,¢,) € R"™ (c1, ..., ¢ > 0). Interpreting O as a point
in n-dimensional data space, we can formulate the task as finding a map from
the n-dimensional data space to the 2D /3D presentation space.

To find an appropriate location of an observation case in the 2D /3D presen-
tation space, the application of a common spring model is a popular approach
([145], [16], [91]). For such a common spring model, every dimension of the
n-dimensional data set is related to a fixed dimension point d; € R*(R?), (i =
1,...,m). An observation case is related to a point p in presentation space. To
find the location of p, we consider n springs - from each dimension point d; to
p- The stiffness of the springs are set to the values ¢y, ..., ¢,. Then the location
p is searched where the spring model is in balance. For fixed d; we can compute
this location explicitly:

i idi

i DG
Figure 5.3a gives an illustration for n = 4.
Using this common spring model for placing observation cases in the presen-
tation space has the following advantages, so that the technique is useful and
often applied:

(5.1)

e The location of p gives spatially intuitive information about the observa-
tion case O: the more O is related to the i-th dimension (i.e., the bigger
¢; is), the closer moves p towards d;.

e Since every observation case is visualized only as a point, a large number
of observation cases can be visualized. The result is a point cloud.
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Figure 5.3: a) Visualizing the observation case O = (ci, ..., c4) of a four dimensional
data set. The dimension points di, ..., d4 are fixed, p moves to the position of balance
of the spring system. b) Limitations of the common spring model: the observation
cases O1 = (1,2,1,2) and O2 = (2,1,2,1) collapse to one point (ambiguity). So do
the observation cases O1 and O3 = (2,4, 2,4) (insensitivity to coordinate scalings).

e Observation cases with similar properties are spatially close in the visual-
ization. We can search for clusters in the visualized point cloud.

Unfortunately there are limitations to this common spring model as well:

1. Ambiguity: observation cases with different coordinates c;, ..., ¢, may col-
lapse to one point in the visualization. This means that similar observation
cases are spatially close in the visualization, but we do not know whether
or not observation cases which are spatially close in the visualization are
similar.

2. Insensitivity to coordinate scalings: the observation cases (c1,...,¢,) and
(k-c1,y...; k- ¢,) with & > 0 cannot be distinguished in the visualization
because they are mapped to the same point.

Figure 5.3b illustrates these limitations.

To decrease the impact of the drawbacks 1 and 2, research has been done
on finding appropriate locations for the dimension points d;. In [145] and [16]
the points d; can be moved interactively. [74] solves a mass-spring system
numerically for finding suitable locations of the d;. All these approaches can
limit the drawbacks 1 and 2 but do not solve them.

The ShapeVis approach which we describe here is able to solve drawbacks 1
and 2. The main idea is to assign an observation case not only with a point but
with a small closed free-form curve/surface. The location of the curve/surface
gives spatial information similar to the location of the point p in the common
spring model using (5.1). The additional size and shape information of the
curve/surface gives more intuitive knowledge about the observation case and
solves drawbacks 1 and 2. To define such a curve/surface, the common spring
model (5.1) has to be extended to an enhanced spring model.
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Figure 5.4: The enhanced spring model for an observation case O = (ci,...,cq) of a
four dimensional data set. The observation case is described by the points p, p1, ..., p4.
The constant ¢ is considered to be bigger than cy, ..., c4.

5.1.1.1 The enhanced spring model

As in the common spring model, we place a fixed point d; € IR? (]R?’) for every
dimension of the data set. For a given observation case O = (cy,...,¢,), we
consider a point p in IRZ(IR?’). We attach n springs with the constant stiffness
¢ > 0 to p. The other ends of the springs are named p1,...,pn. Now we
consider n more springs - from p; to d; with the stiffness ¢; for i = 1,...,n. The
points p, p1, ..., Pn are free movable while the points dy,...,d,, are fixed. Then
we search for the state of balance of this spring system. Figure 5.4 gives an
illustration.

Applying this spring model, an observation case O = (1, ..., ¢, ) is described
by the n+ 1 points p, p1, ..., Pn- The constant c is considered to be at least one
scale bigger than c, ..., ¢,. Its influence will be discussed later on.

For given dimension points di,...,d,, and the constant ¢, the location of
the points p, p1, ..., pn describing the observation case O = (c1,...,¢,) can be
computed explicitly:

S wied,
= — 5.2
P D Wi (52)
with ..
w; = — fori=1,...,n. (5.3)
c+c;
Then we obtain for py, ..., Pn:
c-ptc-d .
= PTG =1, n. 5.4
p v or i n (5.4)

Obviously, the locations of p, p1, ..., pn depend on the value of the constant c.
To study the impact of ¢, we consider the special cases of converging c to infinity

and zero: .
i Ci -+ d
lim p= lim p; =...= lim p, = # (5.5)
cC— 00 Cc— 00 CcC— 00 ZZ:l CZ

This means that for ¢ — oo the points p, p1, ..., pn collapse to the point which
describes the observation cases in the common spring model described by (5.1).
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Therefore, the common spring model is contained as a special case in the en-
hanced spring model. For ¢ — 0 we obtain

Z?:l d;

lyp = St 50
lirr(l)pi = d; fori=1,...n.

For ¢ — 0, the locations of p, p1, ..., P» do not depend on the observation case
anymore. Therefore, ¢ should be chosen rather large.

The points p,pi,...,Pn describe an observation case O = (cy,...,¢p)
uniquely. This means that from given dg, ..., d,, p, p1, ..., Pn and ¢ we can com-
pute all ¢; (i = 1,...,n). To do so we only have to solve the linear system of the
equations (5.2)-(5.4) with the unknowns ¢y, ..., ¢,,. This gives a unique solution
if no two of the dimension points coincide and the points p, p;,d; are colinear
fori=1,...,n.

5.1.1.2 Obtaining closed curves/surfaces

Even if the points p, p1, ..., pn describe an observation case uniquely - for the
visualization of an observation case n + 1 separate points are not suitable. We
therefore define a closed curve/surface which gives an intuitive imagination of
the location of p,p1, ..., pn. In the following we only describe the surface case
for a 3D visualization. The case of a closed curve in a 2D visualization can be
obtained as a special case of the surface.

Defining a surface out of the control points p,pi,...,pn using usual ap-
proaches like Bézier- or B-Spline surfaces fails because these approaches depend
on the order of the control point sequence. For our problem, the order of the
points p1, ..., Pn should not influence the surface.

We define a closed surface as a deformation of a small sphere around p:

COS ¢ - Cos A

x(A,8) = p+ f(A )« | cos-sin (5.7)
sin ¢
s T
(0§A<27r; —§g¢§§).

In (5.7), p is a 3D point and f(A, ¢) is a certain bivariate scalar function. For
f(\,¢) = const, (5.7) describes a sphere around p in spherical coordinates.
This sphere will be deformed by the function f(A, ¢). The special case of a 2D
visualization is contained in (5.7) by setting ¢ = 0.

To define f(\, ¢) we introduce the auxiliary functions

COS ¢ - cos \
(pi—p)-| cos¢-sinA
sin ¢
Tei—pll
10 0) = c0s ¢ - cos ) (5.8)
if (pi—p)-| cosg-sinh | >0
sin ¢

0 else
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Figure 5.5: The auxiliary function f;(\, ¢): fi(\, @) = cosa if cosa > 0, else 0.

for i = 1,...,n. Figure 5.5 illustrates (5.8).
Now we can define the deforming function f(A, ¢) by

FO8) = fo+ Y lIpi — Pl - (fi(X, 6)™" (5.9)

i=1

Generally, the surface x(\, ¢) shows deformations in all directions p; — p. The
bigger ||p; —p|| is, the stronger the deformations are. The constant sh determines
how strongly the deformation is performed in the directions close to p; — p. It
has similarities to the shiny exponent in Phong’s illumination model (see [59]):
the bigger sh is, the sharper is the deformation (highlight in Phong’s model).
The impact of sh is illustrated in figure 5.8. The constant fj is for preserving
continuity and parameterization regularity of the surface. In fact, for fy > 0
and sh a natural number, the surface defined by (5.7)-(5.9) is C*"~-continuous.
Thus we should choose sh > 2 in order to obtain a C!-continuous closed surface.

Another property is the fact that the points p, p1, ..., p» are inside the closed
surface defined by (5.7)-(5.9).

We consider a first example of a 2D visualization.

Figure 5.6a shows the visualization of the observation case O = (1,2,1,2).
The closed curve was visualized as the boundary of a filled area. The curve
gives us three kinds of information: location, size and shape. The location
of the whole curve gives initial information about the object. The size gives
information about how big the components of an object are generally. An
object with generally high components ¢; (i = 1, ...,n) produces a bigger closed
curve. The deformations of the curve show which dimensions the object is more
related to. In our example the object is more related to ds and d4 than to d;
and ds.

A surface defined by (5.7)-(5.9) describes an observation case uniquely. This
means that from the location, size and shape of such a surface we can uniquely
infer all components cy,...,c, of the original observation case. For showing
this, suppose sh is high. Then the surface converges to the line segments
(p,P1),---» (P, Pr) (figure 5.6b illustrates). This means that from the surface
we obtain the location of p,p1, ..., pn directly. As shown above, these points
give the object uniquely. Figure 5.7 illustrates this by showing the visualization
of the objects from figure 5.3b.
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Figure 5.6: a): Visualizing the observation case O = (1, 2,1, 2) with sh = 10. b): The
same observation case visualized with a high sh (sh = 100). We obtain p, p1, ..., Pn
directly from the curve.

5.1.1.3 Visualizing the closed curves/surfaces

To visualize a curve/surface related to an observation case O, we have to de-
termine the following parameters: ¢, sh, fo and the locations of dy,...,d,. All
these parameters are chosen globally, i.e. they are the same for every visualized
object.

The locations of the dimension points d; influence the intuitiveness of the
visualization but not the uniqueness of the object description. We placed the
d; equally distributed on a unit sphere.

The parameter ¢ has influence on the size of the surface. A higher ¢ leads
to a smaller surface. For ¢ — oo, the surfaces collapse to points.

The parameter sh influences how sharp the deformations are around the
directions p; — p. The extreme case sh — oo is shown in figure 5.6b.

The parameter fy > 0 is necessary for continuity preserving of the surface.
It should be chosen rather small.

The influence of the parameters ¢ and sh is illustrated in figure 5.8 for the
2D case.

For visualizing a higher number of objects we use the following visualization
scenario:

1. Get a global impression by visualizing all observation cases with a high pa-
rameter c. Since the observation cases are almost points, the visualization
is the same as from the common spring model. We try to detect clusters
in the visualization. Observation cases which are not spatially close (for
instance observation cases in different clusters) are not similar to each
other. For observation cases in a cluster we have to continue analyzing:

2. Zoom into a cluster and increase ¢. The points will appear as closed
surfaces. If two surfaces have different shape, the observation cases are



134 CHAPTER 5. CAGD FOR MULTIPARAMETER DATA

b) Q)

Figure 5.7: Visualizing the observation cases a): (1,2,1,2); b): (2,1,2,1); ¢): (2,4,2,4).
In contrary to the common spring model shown in figure 5.3b, these observation cases
can be well distinguished. For all observation cases in this figure we have chosen
sh = 10.

not similar to each other. If two surfaces have a similar shape but different
sizes, one observation case is the scaled image of the other one. If the
surfaces are similar in shape and size, the observation cases are similar to
each other.

The only problem here is how to distinguish between observation cases that
are in the same location. In this case the surfaces may intersect and hide
each other in part or completely. A solution to this problem is to offer the
option of visualizing the surfaces transparently or in wire frame representation.
In addition, the surfaces are visualized in different colors. In this way we can
distinguish between surfaces in the same location as long as they are not exactly
identical.

5.1.1.4 Applications of ShapeVis

We applied the ShapeVis technique to two test data sets which are publicly
available on the WWW. Both data sets have been initially explored in [211].

The first data set* contains information about 38 automobiles including
miles per gallon, weight, drive ratio, horsepower, displacement and number of
cylinders. This means that we have 38 observation cases in a 6-dimensional
data set. The dimension points di,...,dg were placed in an equidistant way
on the unit sphere. Figure 5.9a gives an overview over the data set in a 3D
visualization. We used the parameters ¢ = 15,sh = 10, fy = 0.2. Each of
the closed surfaces was approximated by 1944 triangles. The creation of the
3D scene consisting of a number of triangles on a Silicon Graphics Indigo 2
Workstation under IRIS Explorer was computed in approximately 13 seconds.
Navigation through the scene is possible at interactive time rates.

In figure 5.9a we recognize a cluster of surfaces in the upper middle part of
the picture. For the cars lying in this cluster we can make the assumption that
they have similar properties; but we have to check it. To do this, we zoom into
this area and visualize with ¢ = 30. Figure 5.9b shows the result. As we can see
here, the surfaces for Buick Century Special, Dodge Aspen and AMC Concord

4available at http://lib.stat.cmu.edu/DASL/Stories/ClusteringCars.html
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Figure 5.8: Visualizing the observation case (1,2,1,2) with different parameters sh
and c.

D/L are similar in location, size and shape. These cars have, therefore, similar
properties. The other 8 surfaces in figure 5.9b are also similar to each other in
location, size and shape. Thus the properties of these 8 cars are similar to each
other as well.

The second data set® measures various quality of living parameters of US
cities. It is a 9 dimensional data set with 329 observation cases. The values for
all dimensions are normalized to [0, 1] in such a way that the higher the number
the better the city.

The 9 dimensional points were placed equally distributed on a sphere. Fig-
ure 5.10a gives an overview over the data set. Most of the objects are in one big
cluster, there are only a few outliers. Figure 5.10b shows the cluster in more
detail. Figure 5.11 shows the magnification of the five objects lower right of fig-
ure 5.10b. As we can see here, the surfaces for Springfield, St. Louis, Baltimore
and Hartford have similar shape and size. These cities therefore have similar
living conditions. The shape of the surface related to Miami-Hiale differs from
the 4 other cities. The living conditions in Miami-Hiale are therefore different in

Savailable at http://lib.stat.cmu.edu/datasets/places.dat
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Figure 5.9: Visualization of the car data set (38 observation cases, 6 dimensions); a)
overview; b) zoom into the cluster.

a)

Figure 5.10: Visualization of the city data set; a) overview; b) zoom into the cluster.

comparison to the four other cities, even if the five closed surfaces are spatially
close to each other.

5.1.1.5 Results and improvements of ShapeVis

We have shown that ShapeVis is able to describe an observation case uniquely
as a small curve/surface. These curves/surfaces allow an intuitive visual com-
parison of different observation cases and thus allow the detection of inner cor-
relations in a multidimensional data set.

However, there are limitations to the ShapeVis approach as well. For a large
number of observation cases, many surfaces have to be visualized simultane-
ously. Since for visualization purposes each surface has to be converted to a
triangular mesh, the huge number of triangles present may not allow an interac-
tive exploration of the data. To solve this problem, [121] modifies ShapeVis by
introducing simplified surfaces which consist only of n cylinders. Figure 5.11b
illustrates the simplified ShapeVis approach for a 6-dimensional demographic
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Figure 5.11: a) city data set - zoom of the 5 objects lower right in figure 5.10b; b)
6-dimensional demographic data set using simplified ShapeVis (image from [121]).

data set.

5.1.2 Designing appropriate icons

Obviously the success of a visualization using icons depends on the choice of an
appropriate class of icons which represent the given multidimensional data in
an optimal way. Unfortunately it is rather complicated to find an icon which
represents the data adequately. Such an icon has to satisfy the following de-
mands:

e All relevant data of an observation case should be encoded.

e There should not be redundancies in encoding the data of an observation

case’.

e Appropriate maps between the variables of the data set and the attributes
of the icon have to be found. For example, a variable with a continuous
domain should not be mapped to a binary attribute.

e The icons should be intuitive.

To find appropriate icons, an extensive research has been done which was mainly
influenced by psychology and perception theory. Numbers of experiments have
been carried out to find out to which features (shape, color,...) the human eye
responds best under certain conditions. From the results of these experiments,
rules and information can be obtained on how to design appropriate icons. It
is beyond the scope of this work to survey these areas. Instead we refer to
[201] which gives an overview on perception issues of icons. Particularly the
perception of surfaces is treated in [116]

To design appropriate icons, icon editors ([58]) have been created. The
ShapeVis example of section 5.1.1 has shown that for certain applications curves

6Sometimes redundancies are used to emphasize certain properties of the data. Especially
when the icon has more attributes than the data set has dimensions, the remaining attributes
should be encoded redundantly. However, in most cases an icon is desired which does not
have more attributes than dimensions are present.
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Figure 5.12: Parallel coordinates: the 4-dimensional point (0.5,0.25,1.0,0.0) is de-
scribed by the line sequence (p1, p2), (P2, P3), (P3, P4)-

and surfaces are good candidates to be included into the design of icons. How-
ever, they still seem to be rarely used for icons. Instead, more simple geometric
objects like lines, arcs, or boxes are preferred. Nevertheless, the ShapeVis ap-
proach has shown that a more frequent and systematic usage of curves/surfaces
in the design of appropriate icons can lead to better solutions for a number of
visualization problems.

5.2 Line Representations

The main idea of line representations for multidimensional data is to map a
point in n-dimensional data space (i.e. an observation case) to a sequence of
straight lines in 2D presentation space.

The most common representative of this class of visualization techniques are
parallel coordinates ([99]). To visualize a point with the coordinates (cy, ..., ¢,,) of
the  n-dimensional data  space, n  parallel  coordinate  axes
X1,...,X,, are used. The coordinates (ci,...,c,) are mapped onto the points
Pi;---s Pn on the corresponding coordinate axes Xi,...,X,,. Then the point
(c1, .-, ) is represented by the sequence of line segments (p1,p2), (P2, P3);---
(Pn-1,Pn)- This way we have a one-to-one correspondence between points in
n-dimensional space and line segments in 2D. Figure 5.12 illustrates this for
n =4.

In recent years parallel coordinates became a standard tool in the visualiza-
tion for multidimensional data. The reasons for this are:

e Parallel coordinates is a simple technique which can easily be applied and
interpreted by a user.

e Parallel coordinates allow the visualization of a high number of dimen-
sions.

e The number of n-dimensional points which can be visualized is rather high
as well.

e correlations between adjacent dimensions (i.e. dimensions where its co-
ordinate axes in parallel coordinates are adjacent to each other) can be
detected.

e There is a strong foundation of the mathematical background of parallel
coordinates.
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Figure 5.13: a): Parallel coordinates for two dimensions. In b), areas between the
coordinate axes are erased. We can still see the correlations between the coordinate
axes. Thus we may place more information into the erased space.

Nowadays there is a variety of systems and applications of parallel coordinates.
An example of a visual analysis of data sets using parallel coordinates can be
found in [97]. [6] describes a system specialized in parallel coordinates. In
[30] parallel coordinates are used for cluster identification in higher dimensional
data sets. [202] uses parallel coordinates to explore higher dynamical systems.
A survey on both foundations and applications of parallel coordinates can be
found in [98].

There are limitations of the parallel coordinates technique as well:

e If the number of points in n-dimensional data space is too high, the cor-
responding line segments tend to overly and hide each other ending up in
a visual clutter; particular line segments cannot be detected.

e Correlations between non-adjacent coordinate axes can hardly be seen.

To deal with these problems, a number of approaches exist which focus on an au-
tomatic or interactive alignment and exchange of the coordinate axes ([6], [97]).
[146] uses parahistograms to additionally encode the frequency of a certain line
segment. Another approach to dealing with these problems is introduced in
section 5.2.1.

Another representative of the class of line representations are star shaped coor-
dinates. The main idea is similar to parallel coordinates but the coordinate axes
here are not placed parallel to each other but are star shaped, originating in a
common point. This way a point in n-dimensional data space is represented by
a closed line sequence consisting of n straight line segments on the 2D screen.

5.2.1 Higher order parallel coordinates

In this section we introduce an extension of parallel coordinates which makes
use of curves. We give this extension which is similar to [190] in order to
enable parallel coordinates to detect also correlations between more than two
dimensions which is one of the serious drawbacks in the common approach.
To do so we use the fact that the space between adjacent coordinate axes is
sometimes redundant. Figure 5.13 gives an example.
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Figure 5.14: a) usual parallel coordinates: one three-dimensional object is visualized
by the line segments (p1, p2), (P2, P3); b) higher order parallel coordinates: the axis
X3 is additionally inserted between X:; and X»; q: has the same height as p3. Then
the points p1,qi1, p2 define the curve which replaces the line segment pi,p2 of the
usual approach. A weight w controls the influence of q;.

We use the redundant space between two adjacent axes to insert more in-
formation. To do so, we replace the line segments between adjacent axes with
free-form curves. The reason for that is the same as the reason for applying
curves and surfaces in other areas of visualization: curves have the advantage
that the human eye reacts rather sensitively to small changes in their shapes,
thus they are promising candidates to encode more information in a small area.
The line segments used in the normal parallel coordinate approach can be in-
terpreted as polynomial curves of order one. This gives reason to name the
approach of replacing the line segments with curves ”higher order parallel coor-
dinates”.

To define the curves, we place a number of additional coordinate axes from
{X1,..., XN} between the adjacent axes Xy, Xjy1. Then we use the points
Pk, Px+1 and the corresponding points on the newly inserted additional axes as
control points of the curve. The shape of the curve is controlled by a weight w
which determines the influence of the inner control points. Figure 5.14 shows
an example.

5.2.1.1 The curve scheme

Considering figure 5.14 again, we want to specify the impact of the weight
parameter w which controls the influence of the additional control point q;.
As a first condition, for w = 0 we want the curve to be degenerate into the
line segment (p1,p2). This makes sure that the usual parallel coordinates are
a special case of higher order parallel coordinates. As a second condition we
demand that if w is increasing to a maximal amount, the curve is going to
converge to the line segments (p1,q1), (41, p2). In this case the influence of q;
to the curve shape is maximal.

At first glance the usage of rational Bézier- or B-spline curves seems to
be a promising candidate for higher order parallel coordinates. Unfortunately,
rational curve concepts fail the second condition (w becomes maximal) if we
have more than two additional axes between two adjacent axes in the usual
parallel coordinate approach. So the curve scheme we use here has to be more
involved than a simple rational curve approach.

In the following we call the axes of the usual parallel coordinates approach
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main azes; the axes placed between the main axes are called additional azes.
Given are two adjacent main axes X, Xjy1 with the points pg,pr41 for a
particular observation case. Between Xj and X1 we place nj additional
axes Y1,...,, Yy, with {Y1,..,Y,, } € {X1,..,X,}. They give the data points
di,..-,dn, for a particular observation case. Then we define a curve out of
Pk, d1;---, An,, Pr+1 in the following way: we use a piecewise cubic B-spline ap-
proach with the de Boor points do, ..., d2p, +3 over the knot sequence tg, ..., ton, +7
(see [55]):

to = .. =t3=0
i— 3 if 0<w<1

loite = for i=1,...n%
i+22 i 1<w<?2
i+ 3 if 0<w<1

loits = for i=1,...n%

i+%t if 1<w<2

thk+4 = .. = t2nk+7 = nk+1 (510)

The de Boor point d; is computed as a linear combination of certain auxiliary
points a;, b;,c; for ¢ =0, ..., 2n, + 3 which are defined as:

2np +3 —1 )
P = T o — f 1 =0,...,2 3
2np 13 Pty g Per foro 0 et
3 1 1 3
b = b, = - — b, = = _
0 P: 1 4Pk+4(h ) 2 4Pk+4(h
(5.11)
b + L f =1 1
i = —-q +-q; or i=1,...n—
2i+1 401 4(1+1 k
b - + fi =1 1
% = 7Y% —q; T =1,..., —
242 4(] 4(]+1 (0) 1 Nk
3 1 1 3
b2nk+1 = —dp, + 7 Pk+1 b2nk+2 = —dn, + 7 Pk+1 b2nk+3 = Pk+1
4 4 4 4
Co = Pk ) C1 = Pk
Coy = Qq; , Coi+1 = Q; for 1=1,....,n
Conp+2 = Pk+1 ) C2ny+3 = Phk+1-
Then the de Boor points are defined as
_J I-w)a; + wb; for 0<w<1
dl_{ 2—w)b; + (w—1)¢; for 1<w<2 (5.12)

Figure 5.15 illustrates this for n; = 2.
The weight parameter w which ranges between 0 and 2 was introduced to
control the influence of the additional axes Y7, ...,Y,, (and the corresponding
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Figure 5.15: Two additional axes Y1, Y2 are placed between the main axes X and
Xk+1. It is shown how the auxiliary points a;,b;,c;(i = 0,...,7) are derived from
Pk, d1,92, Pk+1. The resulting de Boor points d; are linear combinations of a;, b;, c;
using the weight parameter w.

additional points qi,...,dn,) on the curve. The parameter w can be moved
interactively by the user. For w = 0 the curve degenerates into the line segment
(Pk, Pk+1). This means that the concept of normal parallel coordinates is still
a special case of higher order parallel coordinates. In this case only correlations
of two main axes can be detected, the auxiliary axes and their correlations do
not play a role there. For w = 2, the curve turns out to be the sequence of
line segments (pg,d1), (41,92), -, (Any—1, 9y )s (Any s Pe+1). In this case, only
correlations between the pairs of dimensions (X, Y1), (Y1,Y2),...,(Yn,—1, Yn,),
(Y., Xk+1) can be detected. To see correlations between all the dimensions, w
has to be moved interactively between the extreme values w = 0 and w = 2.
The choice of a particular w which best represents the correlations depends on
the data, the screen size and the experience of the user. Thus the user should be
able to interactively move the parameter to emphasize different kinds of pairwise
correlations and so explore global correlations.

Figure 5.16 illustrates the influence of w for a configuration where two ad-
ditional axes are inserted between two adjacent main axes. The test data in
this figure was constructed in such a way that an observation case has approxi-
mately inverse values in the two main axes Xy, X1, Furthermore, the values
in the auxiliary axes Y7 coincides with Xj1 while the values of Y5 coincide with
X}.. Hence this is a data set with strong correlations between the 4 dimensions
X, Y1, Yo, Xpp1.

5.2.1.2 Detecting correlations between more than two dimensions

Given a set of points in n-dimensional data space, the usual parallel coordinate
approach is useful for detecting correlations between two dimensions if the cor-
responding coordinate axes are located adjacent to each other. In real data,
correlations between more than two dimensions are possible. Suppose there are
correlations between the pairs of dimensions (dy,ds), (d2,ds3), (ds,d1). Then a
relevant correlation between all three dimensions (dj, da,ds) may exist or not.
In [184] the correlations between three and more dimensions are considered by
applying Shannon’s information theory ([168]). Interpreting each dimension of
the table which describes the data as a random variate, and each observation
case as the simultaneous realization of the n random variates, the joint infor-
mation between a tuple of random variates can be computed. If this value
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Figure 5.16: Two additional coordinate axes between two adjacent main axes. Higher
order parallel coordinates for different choices of w.

exceeds a certain threshold, a relevant correlation between the dimensions has
been detected. See [184] for details of this.

To test the ability of higher order parallel coordinates to deal with correla-
tions between more than two dimensions, we explore a number of 4-dimensional
test data sets. They are visualized by placing two additional axes Y7, Y5 between
the main axes X, Xg41.

The test data set shown in figure 5.17a consists of equally distributed ran-
dom values on the main axis Xj;. The values for the dimensions Y7, Y, are
approximately the same as the values for X; (except for slight perturbations).
The value of X1 is approximately the inverse value of X (except for a slight
perturbations). Thus here is a relevant correlation between the four dimensions.
The visualization shows similar and regular patterns.

Figure 5.17b shows another quadruple of dimensions with relevant correla-
tions between each other. Here Xj; and Y7 have essentially the same values
while Y5 and X1 have essentially inverse values. Again, similar and regular
patterns can be recognized.

Figure 5.17c shows the correlations between the four dimensions in such a
way that X and Ys have essentially the same values while Y; and X1 have
essentially inverse values. Again the visualization looks regular.

In figure 5.17d Y; was chosen independently of the other dimensions. Al-
though there are still correlations between the three dimensions Xy, Y2, Xx11,
the visualization looks ”wild”. No similar behavior of the curves can be detected.

Figure 5.17 gives reason for the following statement: higher order parallel
coordinates seem to provide a way of detecting and visualizing correlations be-
tween the dimensions Xj, ..., X,,. We choose two of these axes as main axes
and place the remaining axes as additional axes between them. The set of
all curves between the main axes gives an impression of the correlations be-
tween X1, ..., X,,. If the curves show a similar behavior, correlations between
X1, ..., Xin can be inferred. If the curves behave independently of each other, no
symmetric pattern can be recognized in the curve plot. Then no relevant corre-
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Figure 5.17: Two additional axes Y1, Y2 are placed between the main axes X, Xgy1.
a)-c): correlation between all 4 dimensions. d): no correlation between all 4 dimen-
sions. Y2 was chosen independently of the other dimensions.

lation is found. In [117] further tests are done which confirm these statements.

Another example of constructed test data sets is shown in figures 5.18 and
5.19. Both test data set 1 (shown in figure 5.18) and test data set 2 (shown in
figure 5.19) consist of 70 points in an 8-dimensional data space. No differences
are visible in the visualization using usual parallel coordinates (figures 5.18a
and 5.19a). We can see correlations between adjacent dimensions: objects with
a high value in the axis X; have to a high probability a high value in X;;; as
well. We cannot see whether or not there are correlations between more than
two dimensions.

Figures 5.18b and 5.19b use higher order parallel coordinates for the test data
sets 1 and 2. Between each two main axes two additional axes are inserted. In
figure 5.18b the curves between the main axes do not show a similar behavior.
Thus no correlations between quadruples of dimensions are found in test data
set 1. In figure 5.19b the curves between the main axes show a similar behavior;
we found quadruples of dimensions with correlations to each other. Here it
makes sense to look for correlations between all 8 dimensions.

Figures 5.18c and 5.19¢ show another application of higher order parallel
coordinates for the test data sets 1 and 2. Here we have two main axes X1, X,
and 6 additional axes between them. Figure 5.18c shows no correlations between
them in data set 1. This is no new information after analyzing figure 5.18b; it
is only for comparison with figure 5.19c. In figure 5.19¢ the curves show a
similar behavior. Thus there are correlations between all 8 dimensions. All
visualizations for higher order parallel coordinates in figures 5.18 and 5.19 were
computed using the weight w = 1.
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X1 X2

Figure 5.18: Test data set 1 ; a) normal parallel coordinates; b) higher order parallel
coordinates, between each two main axes, two additional axes are inserted ; ¢) higher
order parallel coordinates; two main axes X1, X2, 6 additional axes between them.

5.2.1.3 Application scenario for higher order parallel coordinates

Given an n-dimensional data set we start out with the usual parallel coordi-
nate approach. Here the order of the axes is subject to interactive change. If
correlations between adjacent axes Xy, Xiy1 are detected, additional axes can
be inserted between X} and Xy in order to explore whether or not there are
correlations between more than two axes (including X and Xj11). To do so,
the weight parameter is interactively moved between 0 and 2. We demonstrate
this on the car data set” which was already explored in section 5.1.1 using the
ShapeVis approach.

Figure 5.20a shows the visualization using usual parallel coordinates. We can
detect correlations between the following pairs of dimensions: (MPG, Weight),
(Horsepower, Displacement), (Displacement, Cylinders). No relevant correla-
tions are found between (Weight, Driveratio), (Driveratio, Horsepower). Figure
5.20b shows the visualization using higher order parallel coordinates with one
additional axis between each pair of adjacent main axes. Correlations between
triples of dimensions can be detected for (Horsepower, Weight, Displacement),
(Displacement, Horsepower, Cylinders). No relevant correlations are found
in the triplets (MPG, Driveratio, Weight), (Weight, Horsepower, Driveratio),

Tavailable at http://lib.stat.cmu.edu/DASL/Stories/ClusteringCars.html
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Figure 5.19: Test data set 2 ; a) normal parallel coordinates; b) higher order parallel
coordinates, between each two main axes, two additional axes are inserted ; c) higher
order parallel coordinates; two main axes X1, X2, 6 additional axes between them.

(Driveratio, Cylinders, Horsepower). The curves for these triples do not show
similar patterns.

As with the usual parallel coordinate approach, using higher order parallel
coordinates is an interactive process. The user has to find appropriate sequences
of main axes as well as the additional axes between them. To explore the
behavior of the curve the user can move the weight parameter interactively.

Obviously, the success of higher order parallel coordinates depends on the
ability of the initial usual parallel coordinates approach to detect all pairs of
dimensions with relevant correlations. This is not a trivial task and for usual
parallel coordinates is only possible by (interactively or automatically) finding
suitable arrangements and exchanges of the coordinate axes. For a higher num-
ber of dimensions this is going to be laborious. There a combination with scatter
plot matrices is possible to find all pairs of dimensions with relevant correlations
to each other.

5.2.2 Theoretical considerations for higher order parallel
coordinates

Up to here, higher order parallel coordinates have been introduced from an
perception driven standpoint. Straight line segments have been replaced by
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Figure 5.20: Car data set; a) usual parallel coordinates; b) higher order parallel
coordinates with one additional axis between each pair of adjacent main axes.

curves, and it has been observed that in this way correlations between more
than two dimensions may become visible. However, normal parallel coordinates
have a strong theoretical background. So it makes sense to ask for the theoretical
consequences of replacing lines by curves to get a deeper understanding of higher
order parallel coordinates.

We start with collecting some well-known properties of normal parallel co-
ordinates for only two dimensions. Given is a point x = (z1, z3) in 2D cartesian
coordinates. Placing the two coordinate axes X7, X5 in the cartesian coordinate
system parallel to the y-axis at the locations aq, as, the point x in cartesian co-
ordinates can be represented in parallel coordinates by the straight line

sx(t):(l—t)(zi>+t<;z>.

Figure 5.21 gives an illustration.

Now we consider not only one point in parallel coordinates but a set of points
which are located on a straight line. The pointwise transformation of these
points into parallel coordinates gives a bundle of lines in parallel coordinates
which intersect in a common point. Thus a line in cartesian coordinates is
represented by a point in parallel coordinates; we have a point < line duality
between cartesian coordinates and parallel coordinates (see [98]). Figure 5.22
gives an illustration.

Now we consider the image of a set of points in cartesian coordinates which
are located not on a straight line but on a general curve. Figure 5.23a shows
a number of points in cartesian coordinates which are located on a pair of
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Figure 5.21: Parallel coordinates: the point x in a) is represented in parallel coordi-
nates by the line sy in b).
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Figure 5.22: Point < line duality; a set of points located on a line in cartesian
coordinates shown in a) is mapped to a set of lines intersecting in a common point in
parallel coordinates shown in b).

hyperbolas. Their images in parallel coordinates are shown in figure 5.23b. As
we can see there, this set of lines envelopes an ellipse. This ellipse (shown in
figure 5.23c) can be considered as the parallel coordinate image of the hyperbola
of figure 5.23a. In fact, considering the family of lines in parallel coordinates as
the envelope of a curve, it has been shown ([100]) that there is a conic < conic
duality between cartesian coordinates and parallel coordinates.

Now we want to extend this duality to a general curve < curve duality
between cartesian coordinates and parallel coordinates. Suppose the curve
x(t) = (x1(t), z2(t))" in cartesian coordinates is the dual to the curve p(t) =
(p1(t), p2(t))" in parallel coordinates. (The curve p(t) is considered to be a
point curve; its envelope (i.e. its set of tangent lines) is the set of lines in
parallel coordinates which are the dual counterparts of the points of x(t)). To
establish the correlation between x(t) and p(t), we have to show how to com-
pute x(t) from p(¢) and vice versa. Given the curve p(t), the curve x(t) can be
found by intersecting the tangent lines of p(¢) with the coordinate axes X1, Xo,
and considering the y-coordinates of these intersection points as the coordinates
of x(t):

1 (t) pa(t) — (pr(t) — ar ) 228
x(t) = _ ' . (5.13)
2a(1) pa(t) — (pa(t) — az) 228

Figure 5.24 illustrates this.
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Figure 5.23: Conic « conic duality; a) a set of points located on a hyperbola; b)
their images in parallel coordinates envelopes an ellipse (c).
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Figure 5.24: Obtaining x(t) in cartesian coordinates from p(t) in parallel coordinates.

To obtain p(t) from x(t) we use the fact that the point p(¢) must be on the
line sy ;) for any point x(t) on the curve. Hence we use the approach

p(t) = (1—at) ( x?(lt) ) + aft) < mjft) ) (5.14)

Figure 5.25 illustrates this. The only remaining problem is to find the func-
tion a(t). To do so, we compute the tangent vector of p(¢) by computing the
derivative of (5.14):

o(t) = (P10 ) = a(t) (a2 — ar)
p(t) = ( pa(t) ) - < (1—a)i + a9b22+ é(xg_xl))(t) > (5.15)

In order to obtain the unknown function a(t), we consider the curve y(¢) which
is obtained by reverse-transforming p(t) given by (5.14) and (5.15) into cartesian
coordinates. This means that we insert (5.14) and (5.15) into

yi(t) pa(t) — (pr(t) — ar) B2

() pa(t) — (pr(t) — az) 220

and obtain

= (B0 ) < (80} Qe 60 + a0 i) (et )
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Figure 5.25: Obtaining p(t) in parallel coordinates from x(¢) in cartesian coordinates:
the function a(t) has to be found.
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Figure 5.26: Slope angles v and &.

From this and y(¢) = x(t) we obtain the condition
(1 —at) @1 (t) + aft)d2(t) =0
which yields

o1 (1)
1(t) — d2(t)

alt) = (5.16)

This way (5.14) and (5.16) give the transformation from x(¢) to p(t) which
shows the curve <> curve duality between cartesian coordinates and parallel co-
ordinates.

Having introduced how to transform a curve x(¢) into a dual curve p(t), we
ask for common geometric characteristics of both curves. Let

Zo(t)
Z1(t)

be the slope angle of the curve x(t), and let

&(t) = arctan

P2(t)
p1(t)

~(t) = arctan

be the slope angle of the dual curve p(t). Figure 5.26 illustrate £ and . Then
we search for dual properties in the curvature of x(¢) and p(¢). To do so, we have
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Figure 5.27: a) higher order parallel coordinates: 3 additional axes X3, Xu, X5
are placed between the two main axes Xi, X2; shown is the 5-dimensional point
(0,2,1,0.1, 2.2); b) transformation of the curve in a) into cartesian coordinates;
the self-intersection in this curve corresponds to the common tangent of two parts of
the curve in a) (dashed line).

to consider x(t) and %(¢) as well as p(¢) and p(t) by computing the derivatives
of (5.14) and (5.16). Let rx(t) be the curvature of x(t), and let kp(t) be the

curvature of p(t). Then we obtain the following correlation®:

K () Fip (1) = ﬁ ((1—sin2¢)(1+cos2y))? (5.17)

(5.17) shows that the curvatures of x and p behave reversed. If one curve has
a large curvature, the other one has a rather small curvature. In fact, also
the cusp « inflection point duality between cartesian coordinates and parallel
coordinates (see [98]) is a byproduct of (5.17).

5.2.2.1 Application of the curve < curve duality to higher order
parallel coordinates

Now we can apply the curve < curve duality introduced above to higher order
parallel coordinates. In common parallel coordinates, a point in n-dimensional
cartesian space is transformed to a sequence of straight lines. To understand
higher order parallel coordinates, we have to find the objects in n-dimensional
cartesian space which transformation to parallel coordinates gives a sequence
of curves, i.e higher order parallel coordinates. Following the curve < curve
duality, these objects are n-dimensional curves in cartesian coordinates.
Figure 5.27a shows a higher order parallel coordinate approach for a 5- di-
mensional point. Here we have chosen two main axes X7, X2 and 3 additional
axes X3, X4, X5 between them, the weight w (see (5.12)) was set to 1. This curve
in parallel coordinates can be transformed to cartesian coordinates by (5.13).
The resulting dual curve in cartesian coordinates is shown in figure 5.27b. The
two cusps of the curve in figure 5.27b correspond to the two inflection points
of the curve in figure 5.27a. The self-intersection of the curve in figure 5.27b

8by computing p(t) and p(t) from (5.14) and (5.16), computing kx(t) from %(¢) and %(t),
and computing xkp(t) from p(t) and P(t). These computations were done by a formula ma-
nipulating program.
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Figure 5.28: Influence of the weight w; a) higher order parallel coordinates; b) dual
curve of a) in cartesian coordinates.

corresponds to the dashed line in figure 5.27a which is tangent of two different
curve points.

Since the curve in higher order parallel coordinates is a piecewise C? con-
tinuous cubic B-spline curve described by (5.10) — (5.12), (5.13) yields that its
dual curve in cartesian coordinates is a piecewise C'! continuous cubic B-spline
curve.

Now we explore the impact of the weight w (see (5.12)) in higher order par-
allel coordinates. Figure 5.28a shows the higher order parallel coordinate curves
of the same example as in figure 5.27a for 4 different choices of w, including the
special case w = 0 which describes common parallel coordinates. Figure 5.28b
shows the dual curves of figure 5.28a in cartesian coordinates. As we can see
here, w causes an approximate downscaling of the curve. In fact, for the special
case w = 0 the curve degenerates to a point.

The example in figure 5.28 gives reason for the following statement: the
higher order parallel coordinate approach (introduced in section 5.2.1) and the
ShapeVis approach (introduced in section 5.1.1) are based on a similar idea! In
fact, ShapeVis maps a point in n-dimensional cartesian space to a curve/surface
in 2D/3D cartesian space where location, size and shape of the curve/surface
determine the whole amount of present information. Higher order parallel co-
ordinates does essentially the same but maps these curves from cartesian co-
ordinates to parallel coordinates. As discussed in section 5.2.1, this has the
advantage that correlations between a certain number of dimensions can be de-
tected while ShapeVis is limited to global statements about the similarity of
observation cases.

From figure 5.28 we can also see that the weight w (see (5.12)) in higher
order parallel coordinates has the inverse impact to the value ¢ (see (5.2)-(5.4))
in the ShapeVis approach. A high ¢ leads to a collapsing of the Curves/surfaces
to a point in ShapeVis while a small w collapses a curve in higher order parallel
coordinates to a sequence of straight lines and thus to a point in the higher
dimensional data space.
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Figure 5.29: 5-dimensional function f(z1, 22, 3,4, 25) in the Worlds-Within-Worlds
technique; the last 3 dimensions build the outer coordinate system, at a particular
location of this, the function f(x1,x2) is visualized in the inner coordinate system as
a height field (image from [18]).

5.3 Hierarchical Techniques

Hierarchical techniques try to find a mapping from a higher dimensional grid
to a hierarchical grid arrangement in 2D or 3D. This way both local and global
properties of a higher dimensional data set should become visible. Representa-
tives of hierarchical techniques are Dimensional Stacking ([124]) and Cone Trees
([157]).

Due to the nature of these techniques, hierarchical techniques tend to de-
mand a rather large screen space to determine the location of the higher dimen-
sional grid. Hence there is little space left to represent the data values in the
grid points; simple color techniques like encoding the data in the pixel color are
preferred to the application of curves and surfaces.

An exception to this statement is the Worlds-Within-Worlds approach de-
scribed in [18]. The idea there is to pick three coordinates of the higher di-
mensional coordinate system to built an ”outer world”. At a certain location
of this outer world (i.e. for particular values of the outer three coordinates),
a new "inner” coordinate system consisting of three of the remaining dimen-
sions is constructed. This procedure may be repeated recursively until in the
”most inner” coordinate system the data may be represented by a curve or a
surface. Figure 5.29 gives an illustration of the visualization of a 5-dimensional
function f(x1,x9,x3, x4, x5). The first three dimensions define the outer coor-
dinate system. Hence the coordinates x3, x4, x5 define the location in 3D in
which a new coordinate system is created. In this coordinate system the 2-
dimensional function f(x1,x2) for a constant (xs,z4,z5) is simply visualized
as a height field. In addition, various interactive functionalities are offered by
Worlds-Within-Worlds systems to define the coordinate systems and to navigate
in them.

Contrary to other hierarchical techniques, Worlds-Within-Worlds focuses
only on certain subspaces of the higher dimensional data space for visualiza-
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tion. Hence the amount of data present may become small enough to enable
the application of surfaces. However, the applied surfaces are usually simply
height surfaces. Their treatment does not need further CAGD methods and

ideas.



Chapter 6

CAGD for Further Data
Classes

Considering the classification of scientific data of [23] and section 2.1, there is a
number of data classes we have not treated yet. In fact, up to now we have only
considered volume data, flow data and multiparameter data which are currently
the most popular data classes in Visualization.

It is the purpose of this chapter to give an overview on CAGD methods for
some of the remaining data classes. None of these classes is treated in detail
here, either because no systematic application of CAGD methods is done or
because a complete and exhaustive literature on this issue already exists. In the
following sections 6.1 — 6.3 we treat scattered data, tensor data, and information
visualization.

6.1 Scattered Data

The defining property of scattered data is the fact that the data values are not
located on a regular grid. On the contrary, usually no grid is given at all. So
we might have to deal with the problem that in some areas there are too many
data values (oversampling) while in other areas the distribution of the data is
rather coarse (undersampling).

Scattered data may be given in two ways:

e Given are n sample points x; = (x;,¥;), (i = 1,...,n) in the 2D euclidian
plane, and a scalar value s;, (i = 1,...,n) for each of these points. Then
we search for a scalar function s(z,y) over the 2D euclidian plane which
interpolates the scalars at the sample points, i.e. s(z;,y;) = s; for (i =
1,...,n). We call this kind of data 2D scattered data.

e Given are n sample points x; = (x;,¥:,2i), (i = 1,...,n) in the 3D eu-
clidian space. We search for a surface which interpolates these n sample
points. We call this kind of data 3D scattered data.

Each of these scattered data classes is treated in one of the following sections
6.1.1 and 6.1.2. Research has also been done on multidimensional scattered data
(see [4]) which is not treated here.
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6.1.1 2D scattered data

Concerning the data classification of [23], 2D scattered data can be expressed
as E[SQ] where no connectivity of the sample points in the 2D domain is as-
sumed. Interpreting the scalars s; as height values over the (z,y)-domain, the
2D scattered data problem can be considered as a surface interpolation prob-
lem by searching for an interpolating height surface s(x,y). In fact, the most
complicated part of dealing with 2D scattered data is to find an appropriate
interpolation. The remaining parts of visualizing scattered data (mapping, ren-
dering — as in the usual visualization pipeline for scientific data) can be done
by standard methods for surfaces. Hence the field of dealing with 2D scattered
data is called scattered data interpolation instead scattered data visualization.

A variety of interpolation schemes for scattered data have been developed.
Since there is number of excellent and comprehensive surveys on this issue (see
[95], [62], [63]), we can restrict ourselves here to a rough classification of 2D
scattered data methods.

The methods of 2D scattered data interpolation can be classified in three
groups (see [95]):

e Shepard methods
e Radial basis functions

e Surfaces over a triangulation.

Especially for the last-named group, a variety of CAGD methods can be ap-
plied. (In fact, many of these methods have been developed for scattered data
interpolation.) After building a triangulation over the sample points in the
2D domain, a triangular surface is constructed over each of the resulting trian-
gles. By estimating derivative information in the vertices of the triangulation,
a certain smoothness of the adjacent triangular patches can be achieved. Stan-
dard approaches are the Clough-Tocher interpolant ([11], [55]) the Powell-Sabin
interpolant ([153],[55]), and Nielson’s C! interpolant ([140]).

6.1.2 3D scattered data

Using the data classification of [23] again, 3D scattered data can be described
as Elg where no connectivity of the sample points is assumed. This means
in particular that only the location of the 3D sample points matters while the
scalar values at these sample points are not considered. This class of data often
appears by 3D scanning of bodies and landscapes.

Also for this kind of scattered data a number of comprehensive surveys ex-
ist ([132], [4]). Most of the approaches here focus on constructing a piecewise
triangular interpolating surface where the vertices of the triangles are the sam-
ple points x;. If a higher degree of smoothness is desired, triangular surface
patches may be constructed using the same basic approaches as for surfaces
over triangulations for 2D scattered data. Smooth surface approaches which
were especially developed for 3D scattered data can be found in [48], [77].
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6.2 Tensor Data

In recent years the visualization of tensor data has become a growing subject
in scientific visualization. Tensors of an order n can be considered as an n-
dimensional matrix which has a certain transformation behavior. The tensors
which are most often treated in scientific visualization are symmetric second
order tensors. This type of tensor appears by describing the diffusion behavior
of objects or the affecting stress inside a solid object. Also the Jacobian deter-
minant of a 3D vector field (see section 4.1.8) can be interpreted as a second
order tensor.

A symmetric second order tensor field can be described as a map T from the
3D domain into the vector space of symmetric second order tensors:

ull(xayvz) U12($>y72) Ulg(x,y,Z)
T(x,y,z) = UIQ(LL',y,Z) U22(3?,y72’) U23(9€ay72)
ul3(£ay7z) U23(37,y72) U33(337yaz)

It can be shown that any second order tensor (i.e. any 3 x 3 matrix) can be
broken up into a symmetric second order tensor and and a vector ([46]). For
visualization purposes, the eigenvalues A1, A, A3 of T and their corresponding
eigenvectors vy, va, vy are of special interest.

A number of techniques have been developed to visualize tensor fields. Since
tensor fields can be interpreted as a generalization of vector fields, most of the
visualization techniques for tensor fields are generalizations of vector field tech-
niques. Among the techniques for tensor field visualization there is a number
of techniques which uses curves and surfaces. In the following we collect these
techniques.

One popular approach to visualizing tensor fields is to place appropriate
icons at certain locations in the flow which contain the tensor information for a
particular location in the field. For this purpose, an ellipsoid ([113]) is especially
useful as an icon because it covers exactly all degrees of freedom of a symmetric
second order tensor. To do so, the three main directions of the ellipsoid are the
three eigenvectors of T while the three main radii of the ellipsoid are the three
eigenvalues of T. Figure 6.1 illustrates an example of visualizing a symmetric
second order tensor as an ellipsoid.

If a tensor field T describes the diffusion of an object, a ellipsoid as visual-
ization technique has a nice geometric interpretation: it describes the shape of
a drop of fluid set out at the current location after a short time of diffusion. In
[114] the tensor characteristics are mapped onto the color on spheres which are
directly volume rendered.

For vector fields, stream lines have been proven to be a useful visualization
tool. The counterparts for tensor field are hyperstreamlines ([46]) which are
simply the stream lines of the three eigenvector fields vy, vs,vs. Figure 6.2a
shows some minor hyperstreamlines (i.e. the streamlines of the eigenvector-field
corresponding to the smallest eigenvalue) for a stress tensor field induced by two
compressive forces. In [206] tensor lines are used instead of hyperstreamlines.
Since a diffusion process is a probabilistic phenomenon, tensor lines incorporate
a probabilistic propagation of the path. This has been shown to be especially
useful in isotropic areas, i.e. in areas where at least two of the eigenvalues of
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Figure 6.1: Visualizing a symmetric second order tensor T as an ellipsoid; a) vi,va, v3
are the eigenvectors of T while A1, A2, A3 are the eigenvalues of T; b) resulting ellipsoid.

Figure 6.2: a) minor hyperstreamlines for a stress tensor field (image from [123]); b)
tensor lines (yellow) and hyperstreamlines (cyan) for a diffusion data set (image from
[206])).

T are close to each other. Figure 6.2b shows tensor lines (yellow) and hyper-
streamlines (cyan) for a diffusion data set.

Another method which is directly extended from vector fields is the con-
sideration of the topology of symmetric second order tensor fields. To do this
we have to determine the tensor counterparts of critical points in vector fields.
[90] and [123] show that these points are degenerate points which are defined
by the property that at least two eigenvalues of T collapse. [90] classifies these
degenerate points and introduces in this way a visualization technique for tensor
fields similar to [87] for vector fields.

In [21], tensor fields are visualized by deformation surfaces: an initial in-
terrogation surface (for example a plane segment) is deformed in response to
the stress tensor acting upon it. This way the resulting deformed surfaces give
insight into the behavior of the tensor field.

6.3 Information Visualization

In the last years information visualization has become one of the "hot topics”
of Scientific Visualization. Currently there are even aspirations to make it a
research area of its own and to develop it independently of classical Scientific
Visualization.
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This is a remarkable tendency especially because there is no generally ac-
cepted definition of the concept ”information visualization” yet. In particular
the distinction between the ”classical” data visualization and information visu-
alization is not done consistently.

Particularly vague is the borderline between information visualization and
the visualization of multiparameter data. In fact, information visualization is
sometimes characterized as visualization of multiparameter data where the dis-
tinction between dependent and independent variables is abrogated. Instead,
only ”abstract” independent variables are considered. Following this characteri-
zation of information visualization, all approaches which we treated in chapter 5
belong to the field of information visualization. In fact, a number of techniques
for information visualization was developed for multiparameter data, and vice
versa. (For example, the ShapeVis approach of section 5.1.1 was originally
developed in the context of information visualization.)

Another characterization which is sometimes used to define the concept of
information visualization is the property that the data consists of additional
structural information which cannot be described by data models such as [23].
This structural information may be a hierarchical or another network of relations
between the data elements. A survey on information visualization can be found
in [27].

Curves and surfaces in information visualization can be used both to rep-
resent the data values and to represent the internal structures inside the data.
The representation of the data values was already discussed in chapter 5 of this
work!. Also for the structural information, curves and surfaces can be applied.
To show this, we give a few examples which do not claim to be complete.

A very popular approach in information visualization are Focus&Context tech-
niques which visualize a small part of the data in full detail while giving a rough
overview of the remaining parts. A representative of this class of techniques is
the Hyperbolic Viewer in [137]. Figure 6.3 shows a technique called Magic Eye
View ([25]) which maps hierarchical data onto the surface of a sphere. This
way the center of focus of the technique can be changed by changing the view
direction onto the sphere. Figure 6.3a shows a version of Magic Eye View where
the edges of the hierarchy on the sphere are represented as straight lines. The
meaningfulness of this visualization can be increased by representing the edges
as rational quadratic Bézier curves (which correspond to great circles on the
sphere), as shown in figure 6.3b.

Another application of surfaces in information visualization is the treatment
of Blobs ([74], [177]). Blobs are implicit surfaces which are obtained by plac-
ing higher dimensional data points into the 3D space in an appropriate way
and applying a cluster analysis there?. This way the Blobs are the isosurfaces
of a certain field function which makes sure that the clusters are completely
surrounded by the Blobs. To visualize Blobs, standard methods for extracting
implicit surfaces can be used. Figure 6.4 shows an example.

Another application of implicit surfaces in information visualization can be

LChapter 5 treats multiparameter data but is true in the context of information visualiza-
tion as well.

2The usage of Blobs can also be considered as an approach to visualizing multidimensional
data as described in chapter 5. Since this technique was explicitly developed under the concept
of information visualization, we leave it in this section.
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a)

L LR

Figure 6.3: Magic Eye View for hierarchical data; the rings on the sphere represent
the levels of hierarchy; a) edges of the graph represented as straight lines; b) edges of
the graph represented as rational quadratic Bézier curves.

Figure 6.4: Blobs; a) initial object layout; b) Blob surfaces denoting the clusters
(images from [177]).

found in [159] where the results of text analyses are visualized.

In [169] the applicability of superquadrics to information visualization is
studied. There it was shown that the number of different superquadrics which
can be distinguished by the human eye is rather limited. Hence superquadrics
are only partially useful for information visualization.



Chapter 7

Scientific Visualization for

CAGD

The CAGD design process is a complex and heterogeneous process which con-
sists of a number of different steps and involves different kinds of data. Parts of
this data have a similar structure to the data which is used in Scientific Visu-
alization. These are the parts where Scientific Visualization can be applied for
the CAGD process. Visualizing this data may give the designer information on
how to continue the design process. Based on this visualization, he or she can
decide if a redesign is necessary or if the next steps of the design process can be
started.

The different processes and kinds of data which appear in the CAGD pro-
cess were treated in the sections 2.1 and 2.3.2. We base the investigations in
this chapter on the CAGD pipeline which we introduced in section 2.3.2. In
particular we consider the present data at each step of the CAGD pipeline to
find possible applications of Scientific Visualization. The left hand side of figure
7.1 shows the CAGD pipeline of figure 2.2 again. In addition, the right hand
side of figure 7.1 classifies the present data in each part of the pipeline.

The input data at the beginning of the CAGD pipeline is either non-existing,
an informal description (hand drawing), or a set of sample points. In the last
named case, a plot of these points may give the designer an overview of the
present data set in preparation for the next design steps. However, the graphi-
cal output of the sample points is just an application of basic 2D or 3D computer
graphics; a particular knowledge about Scientific Visualization is not necessary.

In the next step of the CAGD pipeline, specify task, information is input which
does not have the structure of visualization data. In fact, most of the decisions
to be made here are binary decisions, such as the decisions about a desired in-
terpolation and approximation of the data. Hence an application of Scientific
Visualization in not appropriate there.

A similar statement holds for the next steps of the CAGD pipeline, selec-
tion of the curve/surface type, specify further requests of curves/surfaces, and
determine global degrees of freedom. All these steps collect information about
the properties of the curve/surface to be designed. Data of the kind used in
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Figure 7.1: CAGD pipeline (left) and classification of the present data (right).

Scientific Visualization is not present.

After the step determine global degrees of freedom in the CAGD pipeline, an
initial scheme of control points is present which can now be interactively moved
by the designer. Such a scheme of control points can be considered as data of
the type EL (see section 2.1). Thus, in this part of the CAGD pipeline the ap-
plication of Scientific Visualization becomes possible. We treat the application
of Scientific Visualization for the step of moving the control points in section 7.1.

After finding appropriate locations of the control points, the scheme of con-
trol points is automatically converted to a curve/surface, i.e. data of the type
E[‘ﬁ, E[‘ﬁ, or E[‘g']‘ (see section 2.1). A number of techniques exist for providing
visual representations of curves/surfaces. We give a summary of them in section
7.2.

In the next step of the CAGD pipeline, curve/surface interrogation, the quality
of the designed curve/surface is analyzed. Here, a visual analysis is a natural
approach. We dedicate section 7.3 to the application of Scientific Visualization
for curve/surface interrogation.

The final step of the CAGD pipeline (curve/surface fairing), does not need
a particular treatment in terms of Scientific Visualization because it can be
seen in combination with surface interrogation methods. In fact, possible appli-
cations of visualization for surface fairing focus on curve/surface interrogation
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are treated in section 7.3.

7.1 Visualization for Schemes of Control
Points

To apply Scientific Visualization for schemes of control points, we see two ap-
proaches:

1. The structure of control points has to be specified in such a way that all
degrees of freedom can be changed interactively and in an intuitive way.

2. The scheme of control points has to be displayed on the screen.

The second point is a rather trivial application of classical computer graphics.
In fact, the scheme of control points is normally represented by a scheme of
points and straight line segments which can be directly sent to the rendering
pipeline of a graphical workstation. Further applications of knowledge which
comes from Scientific Visualization is not necessary here.

For approach 1, the structure of the control points is usually directly given
by the chosen type of curves/surfaces. For example, for Bézier- or B-spline
curves/surfaces, the present control point schemes have the property that every
degree of freedom is uniquely represented by the system of control points. In
other words: each Bézier- or de Boor point can be moved freely (and indepen-
dently of the other control points) by the designer.

If the chosen type of curve is a rational Bézier- or B-spline curve, the weights
of the control points can be described by Farin points. Farin points are a design
tool for handling the weights of rational curves in an intuitive way. In particular
there is a one-to-one correlation between the weights and the Farin points for
rational curves. This means that all weights can be controlled by the system
of Farin points, and all Farin points can be moved independently of each other.
Unfortunately, this property gets lost when considering Farin points on rational
surfaces. In order to keep Farin points a useful design tool for rational surfaces,
we propose the application of methods of Scientific Visualization in the section.
In fact, we introduce appropriate icons to give the designer the necessary tools
to design the weights of the surfaces. Before doing so, we briefly introduce Farin
points for rational Bézier curves.

Given two Bézier points b;,b; 1 and their assigned weights w;, w; 41 in affine
space, we consider the corresponding points

_ [ wib; _ wiy1 bip
bi - ( w; ) ) h’k‘rl - ( wi+1

in homogeneous coordinates in projective space. Defining the Farin point in
projective space as f, = %(hl + b, ), its counterpart in affine space is

w; - by + wiy1 - b;
fi _ ) 7 + 1+1 7+1 ) (71)
Wi + Wit
The location of f; on the line through b; and b;;; determines the ratio of w;
and w;4+1 uniquely and in an intuitive way. For positive weights, f; is located
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Figure 7.2: Rational Bézier curve of degree 3 with the weights wo = 1, w1 = 2,
w2 = 3, ws = 1; a) described by Bézier points and assigned weights, b) described by
Bézier points and Farin points.

between b; and b;;1, and ratio(b;, f;, b;11) = % Intuitively: the larger w;
is relative to w;41, the closer f; moves toward b;.

Given the Bézier polygon by, ..., b,, the assigned weights wy, ..., w, can be
described by the Farin points fy, ..., f,_1. Figure 7.2 shows an example for n = 3.
Farin points for rational Bézier curves have the following properties:

e Uniqueness: the Farin points fy,...,f,_1 describe the weights wy, ..., w,
uniquely except for a common factor. This common factor has no influence
on the shape of the curve.

e Independence: each of the Farin points fy, ..., f,_1 can be moved freely on
the lines of the Bézier polygon. The adjacent Farin points are not affected
by moving f;.

e Intuitivity: instead of increasing or decreasing the weights a designer
moves Farin points on the Bézier polygon. He or she may find this more
intuitive.

e Extended convex hull: for positive weights, the rational Bézier curve lies
not only in the convex hull of by, ...,b,, but also in the convex hull of
bOa va ceey fnfla bn

A comprehensive introduction of rational Bézier curves and Farin points (weight
points) can be found in [54].

Considering the above-mentioned properties of Farin points for Bézier curves,
it is a natural next step to consider Farin points for rational Bézier surfaces.
Unfortunately, a straightforward extension to surfaces creates problems because
the independence property gets lost. As we will see in the next sections, Farin
points for Bézier surfaces (both triangular and tensorproduct) overdefine the
weights and therefore have dependencies to each other. In other words: moving
a particular Farin point of a Bézier surface may cause contradictions in the
system of all Farin points. A Farin point is no longer freely movable. An
important design feature gets lost.

The solutions to this problem which we want to present in the following
use ideas and concepts from the visualization of multiparameter data. As men-
tioned in section 5.1.2, for visualizing multivariate data using iconic techniques,
it is crucial to choose an appropriate icon. The problem of finding appropriate
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Figure 7.3: Bézier triangle of degree 4 consisting of 15 Bézier points; this Bézier
triangle consist of 10 "upright” subtriangles and 6 ”upside down” subtriangles.

schemes of Farin points is an analogous problem to the problem of finding appro-
priate icons. In particular the requirement to have a one-to-one correspondence
between all degrees of freedom of the weights and the system of Farin points
has its counterpart in the requirement that a designed icon for the visualization
of multiparameter data should describe all dimensions completely and free of
contradictions. This makes it possible to apply ideas and methods of the design
of icons for multiparameter data.

Following [189], section 7.1.1 introduces subsets of Farin points for triangular
Bézier surfaces where the Farin points in these subsets are independently of
each other and cover all degrees of freedom. Section 7.1.2 does the same for
tensorproduct surfaces.

Although we formulate the approaches in the following sections 7.1.1 and
7.1.2 only for rational Bézier surfaces, they are applicable for rational B-spline
surfaces as well.

Notation: For describing basic geometric constructions in Euclidian space we
use the following pseudo-code:
1:=lin(a, b): let 1 be the line through the points a and b.
1:= par(lp,a): let 1 be the line parallel to the line 1y through a.
a:=int(ly,12): let a be the intersection point of the lines 1; and l,.
Furthermore we need the concept of cross ratio for 4 collinear points. We use
the definition
ratio(a, b, d)

b,c.d) = '
cr(a,b,c,d) ratio(a»cvd)

(7.2)

7.1.1 Farin points for Bézier triangles

A triangular Bézier surface of degree n is given by the Bézier points b;
with 0 < 4,5,k < n and i+ j + k = n. These Bézier points are arranged
in a triangular scheme as illustrated in figure 7.3 for n = 4. This scheme is
called Bézier triangle. Inside a Bézier triangle there are a number of upright
subtriangles consisting of 3 adjacent Bézier points by j r, bit1,j,k-1, bij—1,k-1-
Figure 7.3 illustrates an upright subtriangle.

For handling Bézier triangles, usually only the upright subtriangles are
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Figure 7.4: a) Farin points f; j k, Ps,j.k, Qi,j,ks Li,jk for the Bézier subtriangle b, ; k,
bit1,5k—1, Dij+1,k—1; b) Bézier triangle of degree 2. Given the Farin points fo 0,2, fo.1,1,
the Farin point f1,0,1 is not freely movable. In fact f1,0,1 must lie on lin(r1,0,1,b2,0,0)-

treated (see for instance the triangular de Casteljau scheme ([54])). However, it
turns out that for the approaches we want introduce here it is also necessary to
consider "upside down” subtriangles. Such a subtriangle is given by the three
adjacent Bézier points b; j r, bit1,jk—1, Pi+1,j—1,k- An "upside down” subtri-
angle is also illustrated in figure 7.3.

Given a Bézier triangle, the ratios of the (positive) weights of a subtriangle
can be described by one Farin point inside this subtriangle. For a subtriangle
consisting of the Bézier points b, j i, bit1 k-1, bijt+1,k—1 With the assigned
weights w; j k, Wit1,j,k—1, Wi, j+1,k—1, We define the Farin point as barycentric
combination of the 3 Bézier points:

Wijk Pijr + Wir1 k-1 bit1jk-1 + Wijr1k-1 bijr1r1

fiix= . (7.3)
Wik + Witl,jk—1 T Wi jt+1,k—1

For positive weights, f; ; is inside the triangle b; jx, bit1jr—1, birt+1,-1-
Obviously, the location of f; ;; in the triangle determines the ratio of the 3
weights uniquely. Furthermore we define the Farin points p; j x, Qi jk, Tijk O0
the edges of the triangle as determining the ratios of each two of the Bézier
points:

Wi 4.k 'bi,j,k + Wit1,5,k-1 'bi+1,j,k71

Pijk = )
Wik + Witljk—1
Wi k-1 Dit1 k-1 t Wi k-1 Dijrie—1
Qi jk = )
Wit1,5,k—1 + Wi j+1,k—1
_ Wik bije + wijrik—1-bijrie—1
Tijk = .

Wijk + Wijt1k—1

The geometric correlation between f; ; r, Pijk, Ui jk, Tijk is shown in figure
7.4a.

After Farin points for one subtriangle, we consider all Farin points of a Bézier
triangle, i.e. the Farin points of all upright subtriangles of the Bézier triangle.
Unfortunately, these Farin points are not independent of each other any more.
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To show this, we consider the example of a Bézier triangle of degree 2 as shown
in figure 7.4b. Suppose we know the Farin points fy 92 and fy1,;. Then the
following constructions give ry g 1:

do,,2 = int(lin(by,0,1,b0,1,1),1in(bo,o,2,f00,2))

po1,1 = int(lin(bg1,1,b1,1,0),lin(bo2,0,f0,1,1))
h = int(lin(po,1,1,b1,0,1),1in(q0,0,2,b1,1,0))

rio1 = int(lin(by,01,b1,1,0),lin(be1,1,h)).

The Farin point f; o1 must lie on lin(rq,0,1,b2,0,0). It is not freely movable any
more. If £ 01 is not on lin(ry 1, b2,0,0), the system of the Farin points fy 0,
£0.1,1, f1,0,1 is not contradiction-free. £y 92, fo,1,1 and f; o1 are not independent
of each other.

To overcome this problem (and therefore make Farin points on Bézier trian-
gles usable as a design tool) there are two approaches:

1. Allow the user to move every Farin point and adjust the adjacent Farin
points simultaneously such that the system of all Farin points stays contra-
diction-free.

2. Do not offer the user all Farin points to move, but only a certain subset.
The Farin points in this subset should be independent of each other and
describe all weights of the Bézier points uniquely (except for a common
factor).

In the following we present solutions for both approaches. Approach 1 is treated
in section 7.1.1.1, section 7.1.1.2 shows solutions for approach 2.

7.1.1.1 Adjusting adjacent Farin points

Given a triangular Bézier point scheme, we consider all Farin points f; ; of
upright Bézier subtriangles. As we know from the example in figure 7.4b, these
Farin points are not independent of each other.

Figure 7.5 shows a number of subtriangles from a Bézier triangles. In par-
ticular, figure 7.5 shows the subtriangle by 9.0, b1,0,—1,bo,1,—1 together with its
6 adjacent upright subtriangles!. Suppose the system of all Farin points £i ik
is contradiction-free. After moving fy 90 to fg;m the system of Farin points is
generally not contradiction-free any more. In order to preserve the freedom of
contradictions, we adjust the adjacent Farin points

fo,—1,1, fi,—10, fio—1, fo,1,—1, fo1015 fo1,100
to the new points

fo—11, fi,—10, f10-1, fo1,-1, f-1,0,1, f-1,1,0-

1Some Bézier points in figure 7.5 have negative indices which were not allowed in the
definition of Bézier triangles. This is due to the fact that we applied an index transformation
to keep them simple. This way the indices in figure 7.5 denote the relative indices to the index
(4,4, k). For instance, b1 0,1 means the Bezier point b;41 j x—1-
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b—1,2,—1 b0,2,—2

—~_
—~_ fi-10
fo-11
Ifo,—l,l fi-10
bo-11 pf;1,1 bi-10 pl-"‘lvo b2-1-1

Figure 7.5: Moving the Farin point f5,0,0 to f%}:o. In order to preserve the freedom
of contradictions, the adjacent Farin points fo,1,—1, f-1,1,0, f-1,0,1, fo,—1,1, f1,—1,0 have
to be adjusted to fo,17717 ffl’lyo, f71,0,1, f0771,1, f1’71,0.

We know that f071N7_1 lies on lin(bg1,—1,fo,1,—1). The similar statements for the
other Farin points can be seen in figure 7.5. Furthermore, it can be shown? that

cr(bo1,—1,f01,-1,f01,-1,90,1,-1) = cr(bo1,—1,f-1,1,0,f-1,1,0,'1,1,0)
Cr(bo,o,07f—1,0,1,f—1,o,1,1‘—1,0,1) = Cr(bo,o,o,fo,—1,17fo,—1,1,p0,—1,1) s
Cf(b1,0,71,f1,71,0,f1,71,0,P1,71,0) = Cl"(b1,0,71,f1,0,71,f1,0,717Q1,0,71) .

All we have to do now is to determine these cross ratios. For doing this, consider
figure 7.6 which is a fragment of figure 7.5. We constructed the auxiliary point
c in the following way:

h

C

int(par(lin(bo,0,0, b1,0,—1), fﬁo% par(lin(bg 0,0, bo,1,-1), f0,0,0))
int(lil’l(bmo)o, h), hn(boﬁl),l, f0,0,0)) .

Then it can be shown® that

cr(bo,—1,f0,0,0,¢,P00,0) = cr(boi,—1,f01,-1,f0,1,-1,90,1,-1)

= cr(bo1,-1,f-11,0,f-1,1,0,T—1,1,0)-

2by a direct algebraic computation using a formula manipulation program.
3by direct algebraic computation.
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b-12-1 bo2-2

b-110 bo1-1 bi1-2

booo Pooo b1o-1

Figure 7.6: Moving the Farin point fo0,0 to fg;jo and adjusting the
adjacent Farin points. Constructing the auxiliary point ¢, we obtain:
cr(bo,1,-1,f-1,1,0,f-1,1,0,T=1,1,0) = cr(bo,1,-1,%0,1,-1,f0,1,-1,90,1,-1) =
Cr(bO,l,fhfO,O,O,C7pO,0,0)-

Therefore, the new adjusted Farin points fOIJ_l and f:1:,0 can be geometrically
constructed. Similar constructions apply for the other adjacent Farin points.

7.1.1.2 Independent Farin points for Bézier triangles

In this section we want to establish a subset of independent Farin points for
Bézier triangles which describes the weights of the Bézier points uniquely (except
for a common factor). The first solution of this was published in [3]. There
the problem was reduced to the curve problem by using not the Farin points
f; j 1 in the subtriangles but the points p; jk, Qi jk, ik on the edges of the
subtriangles (see figure 7.4a). A system of these points - each of them movable
on a line segment - gave the solution. This solution was obtained by searching
a spanning tree for the control net which is interpreted as a graph.

In this section we use basic ideas of [3] but present a subset of independent
Farin points f; ;, i.e. these Farin points are freely movable inside a whole
subtriangle. Therefore we need fewer Farin points than in [3]. It turns out that
in order to provide such a subset of Farin points, we have to consider not only
upright subtriangles but ”"upside down” subtriangles as well.

First we have to make sure that such a system of independent Farin points
exists at all. In doing this we keep in mind that a Farin point f; ; 5 is movable
in 2D, and therefore its location covers 2 degrees of freedom.

The number dy of degrees of freedom we have to cover in a triangular Bézier
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n 1 2 3 4 5 6 7
dy(n) 2 5 9 14 20 27 35
even | odd | odd | even | even | odd | odd

Table 7.1: Number df(n) of degrees of freedom to be covered by Farin points in
triangular Bézier point schemes of the order n.

Figure 7.7: Schemes of independent Farin points for Bézier triangles of degree 1-6,
strategy (a). Marked are all subtriangles in which the Farin point is considered. For
n = 2,3,6, the weights of one corner Bézier point was fixed by introducing a Farin
point on a line segment.

point scheme of the order n is:

ds(n) = W 1 (7.4)

This means that dy(n) is the number of the Bézier points minus 1. We have
to fix the weights of all Bézier points except for a common factor. One weight
can be chosen randomly, then the other weights are fixed. Table 7.1 shows the
number ds(n) of degrees of freedom for small n. If ds(n) is even, we can find
a system of d¢(n)/2 independent Farin points. For ds(n) is odd, there are 2
strategies:

() Find % independent Farin points and determine the weight of one
corner point of the Bézier triangle explicitly.

(8) Find W independent Farin points and determine the weights of all
3 corner points of the Bézier triangle explicitly. This strategy has the
advantage of preserving symmetry in the triangular scheme.

Figure 7.7 shows the solution for strategy («) for small n. In this figure, all
subtriangles for which a Farin point is used are marked. For n = 2, 3,6 we have
d¢(n) odd. For the special treatment of the lower left corners we introduced
Farin points on line segments which relate the weight of the corner to the average
of the weights of the other two Bézier points in the subtriangle. Figure 7.8 shows
how to get the solution for degree n+ 6 for a given solution for degree n. Figure
7.7 and 7.8 give the solution for strategy («) for any degree n by induction.
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ININININININININNIN
ININLNINI LN /N

ININININININININ\L\ I\
AVAVAVAVAVAVAVATAVAWAS

Figure 7.8: Obtaining the system of independent Farin points for the degree n + 6
from a given solution for degree n, using strategy («): a) for d¢(n) even, b) for d¢(n)
odd.

AVAVAVA
AVAVAVA NSNS AAANA
IAVAVAVAVAVA n=5

n=6

Figure 7.9: Schemes of independent Farin points for Bézier triangles of degree 1-6,
strategy (8).

Figure 7.9 and 7.10 show the solution for strategy () by induction.
Figure 7.11 shows an example: the system of independent Farin points for
a triangular Bézier point scheme of order 13.

Remarks:

e The systems of Farin points introduced in this section have the indepen-
dence property but not the local control property. This means that moving
one of the marked Farin points might change any other unmarked Farin
point. If the local control property of Farin points is important we have
to apply the automatic adjusting introduced in section 7.1.1.1. A system
with both the independence property and the local control property seems
not to exist.

e All schemes and constructions introduced in section 7.1.1 work both in
the domain of the Bézier triangles and in the Bézier point scheme in 3D.
This is because the Bézier point subtriangles in 3D can be considered as
affine maps of the subtriangles in the domain, and all constructions are
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Figure 7.10: Obtaining the system of independent Farin points for the degree n + 6
from a given solution for degree n, using strategy (5): a) for d¢(n) even, b) for ds(n)

odd.

AYAYAYAVAVA
AUV NANY N
LYAYAVAYAY - YAVA
CYAY Y.V VAV -YA7A
CYAYAYAVAVAVAY VA 7A
AYAVAVAVAVAVAVAY - VATA
INININININININININININN
INIANRAAANANAANAAAAA

AYAVATAVAVAY VA TAVAY .\
INININININININININININA
AAANAAAAANAAAANLA

Figure 7.11: System of independent Farin points for n = 13; a) using the strategy
(a); b) using the strategy (3).

affine invariant.

7.1.2 Farin points for tensorproduct Bézier surfaces

In this section we apply the concept of Farin points to tensorproduct surfaces
which are described by a rectangular Bézier point scheme. To handle the weights
of such a scheme by Farin points, we first have to solve the problem for a
subquadrilateral. We look for a Farin point solution for a subquadrilateral both
in the domain of the surface and in 3D.

For the domain case, the Bézier points b; j, bit1,j, bit1 j+1, bsij+1 form a
rectangle, see figure 7.12a. Then we can define the points on the edges of the
rectangle which define the ratios of each two of the weights:

_ wij-bij + Wiy b
pi,j - . ] ] 5
Wij + Wit

Wi j+1 - Pij+1 + Wi 41 - Bigr 1

Pij+1

)

Wi j+1 + Wig1j41
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bi,j+1 pi,j+1 bi+1,j+1 bi,j+l pi,j+l bi+1,j+1

Qi+1j

bi; Pi, bi+1; bi, Pi, Di+1;

Figure 7.12: a) Defining the points ps,j, Ps,j+1, 9,5, Qi+1,; and the Farin point f; ; for
the Bézier points b; j, bit1,5, bit1,j+1, bi,j+1 assigned with the weights w; ;, wit1,5,
Wit1,j41, Wi j+1. b) constructing q; ;, Qi+1,; and p; j+1 from the given points f; ; and
Pi,; geometrically.

o wiycbi + wijg b
qZ,] - o o b)
Wij + Wi 1

Wit1,5 - Pit1,; + Wit1j+1 - big1j41

Qi+1,5
Wit1,5 + Wit1,5+1

Furthermore we define the Farin point
fi; = int(lin(pij, Pij+1), in(di s, dit1,5))

Wi bij + wig1;-biy1; + Wirr 41 - Digrje + Wi bij
Wi + Wip1,; + Wig1 41 + Wi j41

See figure 7.12a for an illustration. The Farin point f; ; has the intuitivity
property: increasing the weight of one Bézier point leads to moving f; ; towards
this Bézier point. Unfortunately, f; ; is not sufficient to define uniquely the
weight ratios in a subquadrilateral. In fact f; ; is freely movable in 2D and
therefore covers two degrees of freedom. What we have to determine are 3
degrees of freedom in a quadrilateral (the weight of one Bézier point can be
chosen randomly, then the weights of the other 3 Bézier points have to be
fixed).

Suppose the points f; ; and p; ; are given. Then the remaining points p; j+1,
q;,; and q;41,; can be geometrically constructed in the following way:

Pij+1 = int(lin(ps;, £ ), lin(bs j41,biv1541))
h = int(lin(f; j, bit1,54+1), par(lin(bit1,5, bit1,541), Pij)) »
q;,; = int(lin(b;, b;j41), par(lin(b; j11, bit1,541), h)) ,
Qi+1,; = int(lin(qs;, £ 5), in(biy1j, biv1j41)) -

See figure 7.12b for an illustration.

For reasons of a simplified notation, we consider from now on the Bézier
point subquadrilateral bg g, b1 o, b1,1, bo,1. The points po,0, 41,0, Po,1, 90,0
are not independent of each other. In fact, the location of three of these points
determines the remaining one. To find a construction for this fact we consider
a property illustrated in figure 7.13b: the three lines

lin(bg,0, b1,1) , lin(po,0,q1,0) » lin(qo,0, Po,1)
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b1o

boo po\f) b1o

Figure 7.13: Weight points on the edges of a subquadrilateral: the lines lin(bg,o, b1,1),
lin(po,0,9q1,0) and lin(qo,0, Po,1) either intersect at one point or are parallel. This is
true both in the 3D case a) and in the domain case b).

either intersect at one point or are all parallel. As illustrated in figure 7.13a,
the same property is true in 3D%.

Given the Farin point fj ¢ in the rectangular domain quadrilateral, we seek
a way to determine all weight ratios. One way of doing this is to fix one of
the weight points on the edges, as shown in figure 7.12b. This approach is not
symmetric because we have to make the choice which point on the edges to fix.
In order to introduce a symmetric method, we have to design an appropriate
icon which covers all degrees of freedom. This icon will be based on the Farin
point fy o.

Consider figure 7.14a. We assume that the weights wo o, w10, w1,1, Wo,1
which are assigned to the Bézier points by, bo1, bi,1, b1,o are all positive.
This means that the point pg g lies between by ¢ and by o, similar for the other
three weight points on the edges. Now we seek all possible locations for pg 1
between by ; and by 1, so that pgo is between by and by . Obviously, this
is the grey marked area on the line bg 1, by,;;. We call this area the permitted
area.

The permitted area of an edge of the rectangle is the area where the weight
point can lie so that the weight point of the opposite edge is between the corner
points. In figure 7.14a, the permitted area of the edge by, b1, is the whole
line segment bg o, b1,0: no matter where pg g is located, the opposite point pg 1
will be between b071, b171.

The location of the permitted areas on the edges depends on the location of
fo,0. All permitted areas can be found by intersecting the four lines lin(bg o, fo.0),
lin(bLo, f070), 1in(b171, f070), 1in(b071, f070) with the rectangle. See ﬁgure 7.14a for
an illustration.

Now we divide the four permitted areas in the ratio t/(1 — t), as shown
in figure 7.14b (with 0 < ¢ < 1). The resulting four points on the edges of
the rectangle can be considered as the Farin points on the edges. It turns out
that these four points have the property described in figure 7.13b. This means
that we have described the weight ratios in the quadrilateral completely by fj o

4From this property it follows directly that the points P0,0, 91,0, Po,1, 90,0 are coplanar
(see [54]).
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a)

bO,l bl,l

f0,0

boo b1o boo (-9 ot Do

Figure 7.14: a) Constructing permitted areas (grey marked) on the edges of
the rectangle by intersecting the lines lin(bo,o, f0,0), lin(b1,0,f0,0), lin(b1,1,f0,0) and
lin(bo,1, fo,0) with the rectangle. b) Dividing the permitted areas in the ratio ¢/(1—t).
We obtain the weight points on the edges of the quadrilateral.

t:(1—t)

(u,v)

Figure 7.15: Extended Farin point: freely movable icon in the rectangular domain.
The location of the lower hollow point gives fp,0. The upper hollow point determines
the parameter t.

and t. To find a geometric meaning of ¢, we consider figure 7.14b again. The
more t tends to 0, the closer the weight points tend to by or by . The more
t tends to 1, the closer the weight points tend to bgg or by . This means
that the parameter ¢ is a measure which diagonal by g, b1 1 or bg 1, by o is more
emphasized. This gives a reason to introduce extended Farin points.

An extended Farin point is a freely movable icon as shown in figure 7.15.
The location of the lower hollow point is the location of the Farin point fj .
The upper hollow point is freely movable on the horizontal line segment and
fixes which of the diagonals by o, bg 1 or bgg,bs,1 is more emphasized. The
diagonals are symbolized by the non-horizontal lines.

An extended Farin point describes the weight ratios of the Bézier points in a
subquadrilateral uniquely and symmetrically: no particular edge or corner of the
rectangle has to be chosen. The conditions of independence and intuitivity are
also fulfilled by extended Farin points. An example of the usage of an extended
Farin point is given in figure 7.16.

Farin points in 3D: Up to here, this chapter has treated Farin points in the
rectangular domain of a quadrilateral. Now we consider 4 Bézier points by g,
b1, bi,1, bo,1 as living in the 3D space of the surfaces. The straightforward
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a) b)

bo.1 bi1  bos

boo b1o boo b1o E)o,o pB,o b'1,0

Figure 7.16: Usage of extended Farin points. a) Given is Bézier point rectangle
bo,0, b1,0,b1,1,bo,1 and the extended Farin point inside the rectangle. b) Construct
the permitted areas on the edges of the rectangle. ¢) Divide the permitted areas in
the same ratio as the upper hollow point divides the horizontal line segment of the
extended Farin point. The resulting four weight points po,o, 91,0, Po,1,9do0,0 define the
ratios of the weights of the four Bézier points uniquely.

bo. D11 b11

boo b1o b1o

Figure 7.17: The extended Farin point in the 2D domain is mapped onto the bilinear
interpolant of bo,0, b1,0, b1,1,bo,1 in 3D.

approach here to determine the weight ratios is to consider the barycentric
combination

wo,0 - bo,o +wi,0-biro+wi1-bi1+woi-boa
wWp,0 + W1,0 + W11 + Wo,1

f= (7.5)

For positive weights, f lies in the convex hull of by o, b1,0, b1,1,bo,1. In general
f is movable in 3D and thus covers the 3 degrees of freedom we have to fix. Un-
fortunately, this approach fails completely if bg g, b1,9, b1,1, bo,1 are coplanar,
and it fails numerically if by, b1, b1,1, bg,1 are almost coplanar. Since in
practical applications the case of almost planar subquadrilaterals is common,
we have to find another way to describe the weight ratios: we use the concept
of the extended Farin points in 2D and map this onto the bilinear interpolant
of bg,o, b1,0, b1,1, bo,1 in 3D. Figure 7.17 gives an illustration.

The extended Farin point in 3D is freely movable on the bilinear interpolant.
The location f. of the extended Farin point on the bilinear interpolant can be
computed as

_wo,0 boo+twio biot+wii-bi1+wei b
wp,0 +wWi,0 +wi1 +wo 1

fe (7.6)



7.1. VISUALIZATION FOR SCHEMES OF CONTROL POINTS 177

boo—b1o—boi+b1:

Figure 7.18: Getting the weight ratios from an extended Farin point f. on the bilinear
interpolation: apply a projection in the twist vector direction bg,o —bi,0 —bo,1 +b1,1.
The projection of the 4 Bézier points gives a parallelogram inside which we can apply all
constructions for extended Farin points in the 2D domain. Note that the projections
of the location f. of the extended Farin point and the barycentric combination f
introduced in (7.5) are identical.

with
wo,0 = (wo,0 +w1,0) - (Wo,0 +wo1) , wio=(w1,0+woo)- (wio+wii),
w11 = (w11 +wio) - (w1 +won) , woi1 = (wo1~+woo)- (wo1+wia).

In order to get the weight ratios out of f., we apply a parallel projection in the
direction of the twist vector bgg — b1, — bg,1 + b1,1. Doing this the 4 Bézier
points happen to form a parallelogram with the projection of f. inside it. In
this parallelogram we can carry out all constructions introduced in this chapter
for the domain case. See figure 7.18 for an illustration.

7.1.2.1 Adjusting adjacent Farin points in rectangular Bézier
point schemes

After showing how to handle the weights in a subquadrilateral by using the
concept of extended Farin points, we now treat the case of a whole rectangular
Bézier point scheme. As in the triangular case there are two ways to keep the
system of all Farin points contradiction-free:

(a) Allow every Farin point to be movable and adjust the adjacent Farin
points.

(b) Provide a subset of Farin points which are independent of each other and
describe the weight ratios uniquely.



178 CHAPTER 7. SCIENTIFIC VISUALIZATION FOR CAGD

bos bis P13 b23 bss
® O % O ®
fo2 o
(o2 o /fZ,Z UQ3,2
' fox
- o
Do .—o—Ntﬁi/—pl'z oL o ® b2
(SR}
0 (i1 Tl\l/ o aé\l/
Qo1 © f11 Q21 o >(3.1
~_
boa I‘o— fbl’l pl’l_cpl'l Pz o ! JoEN!
M T W
° \ofz,o fso
@ O L 4 O O L ]
boo  Poo b1o P10 bao P20 bso

Figure 7.19: Moving the Farin points 11, p1,1, 92,1, P1,2, 41,1 t0 E,/h P11, d21, P12,
q1.1. The adjacent Farin points have to be adjusted.

This section treats approach (a); a solution for (b) is given in section 7.1.2.2.

Consider figure 7.19 for a rectangular Farin point scheme in the domain. Sup-
pose the weight ratios in the subquadrilateral by 1, by 1, b2 2, by 2 are changed,
for instance using the concepts of an extended Farin point. This means that
the points fi 1, P1,1, 92,1, P1,2, d1,1 are moved to the new locations f i, ﬁfl,
d2.1,P1.2, 91,1 Then all Farin points which depend on at least one of the weights
wi,1, W1,2, W2,1, W2,2, have to be adjusted: fo,o, fl,(]a f2,07 f2.,1, f2,27 f1,2, f(),2, fo,h
d1,0, 42,0, P2,1, P22, 92,2, 41,2, Po,2, Po,1. The points po,o, P1,0. P2,0, 43,0
q371, (313’27 p2,3, 1?)1737 p0,3, qo,g, q0,17 Q0,0 remain unchanged because they dO
not depend on the weights w1, w12, wa,1, Wa,2.

All we have to show here is how to adjust the points fy ¢, f2 0, f2 2 ,f 2 to the
points £ 0, f2.0 ,f2.2 ,fo,2. The other adjusted points can then be geometrically
constructed using the properties described in the figures 7.12b and 7.13b.

The adjusted point fi);) lies on lin(fy0,b1,1).  Similarly, f:;Q lies on

lin(fs 0, ba,1), f?g lies on lin(fz 2, ba2), f20 lies on lin(fy 2, b1 2). We present

a construction for f; o, the points f; o, f2 0, fo.2 can be constructed in a similar
way.
Consider figure 7.20a. First we construct the auxiliary points

w32 -bzo + ws3-bgs + was3-bos
hl = )
w32 + W33 + Wag3
h, - Wi ‘b1 4+ w21 -bay + wia-bio
2 - ’
w11 + w1 + Wi
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03,2

kP

Figure 7.20: Moving the Farin points f1,1, p1,1, 42,1, P1,2, Q1,1 to ﬂ,/h P11, 92,1,
P12, dQ1.1: constructing the adjusted Farin point E,g. a) constructing the auxiliary
points hy, ha, hs; b) constructing the auxiliary points hy, hs. Then cr(bg, 2, f1,1, hs, ho)
= cr(bg,2, f2,2, ffz\,;, h;). This gives the location of fTQ\; uniquely.

w11 b1 + wo1-bag + wia-big

h; = — — —
w11 + w21 + wipg

where w1 1, ws2,1, W12 are the new weights after moving f1 1, P11, 92,1, P1,2, d1,1-
We obtain the constructions

h; = int(lin(bs 2, p23),lin(bs s, qs2)) ,
hy, = int(lin(by,p1,1),lin(ba1,d1,1)),
h3 = int(lin(blyg,ﬁfl),lin(b271, Cﬁj)) .

Then the points b »,f5 2,h; are colinear. The points bs 2,f; 1,hs and b o, frlv’l,hg
are also colinear. Now consider figure 7.20b. We construct

h, := int(par(lin(bs,e, f'/lvl), f1.1), par(lin(hg, hs), fflvl)) ,

h5 int(lin(bg’Q, fl,l); lill(hg, h4)) .

Then it is a straightforward exercise in algebra to show that

cr(baa, fi1,h5,hy) = cr(bg o, fa0,f20,h1) = 22z
w2, 2
From this fact it is a basic construction to get f;vg from bg o, f22, hy, fi 1, hs,
h; (see for instance [54]). The adjusted points f:(:g, fgjo, f% can be constructed
in a similar way. Thus the problem of adjusting the adjacent Farin points
geometrically is solved.

7.1.2.2 Independent Farin points in a rectangular Bézier point
scheme

In this section we want to establish a subset of independent Farin points for
rectangular Bézier point schemes. Here we only consider Bézier patches of the



180 CHAPTER 7. SCIENTIFIC VISUALIZATION FOR CAGD

a) b)

i OO 1
EEIE[° : o ,
= :
o0 m o El =]

o)
=1

v °

. ) o E °© ° V
v ®
BEOODE g oOdEc
Figure 7.21: A system of independent Farin points for a Bézier patch of the order
n X n: a) n odd; b) n even. The system consists of of extended Farin points and

normal Farin points. In case b), the weights of two opposite Bézier points have to be
fixed by introducing two Farin points on a line segment.

A A%

A% A

Figure 7.22: Describing the weight ratios in a bicubic rational Bézier patch with 5
extended Farin points.

order n x n. The solution we want to present here consists of a number of
extended Farin points and in addition a number of "normal” Farin points f; ;
(i.e. the barycentric combination of the four corners of the subquadrilateral).

Figure 7.21a shows the solution for a patch of the order n x n where n is
odd. We provide the quadrilateral in the middle of the patch with an extended
Farin point. The same is done with the quadrilaterals ”on the diagonals” of the
patch. For the other patches we provide every second one with a "normal” Farin
point. In figure 7.21a the patches with a "normal” or extended Farin point are
marked with a black closed line. An extended Farin point is marked by the icon
similar to figure 7.15, a "normal” Farin point is marked with a hollow dot.

The solution for an even n is more complicated, see figure 7.21b. Here
we provide the patches "on one diagonal” with an extended Farin point. The
other extended Farin points are next to the other diagonal. The rest is filled
with normal Farin points for every second patch. This way, the weights of two
opposite corner Bézier points have to be fixed explicitly. This can be done by
using two Farin points on a line, as shown in figure 7.21b.

Figure 7.22 shows that the weight ratios in a bicubic Bézier patch can be
described in terms of 5 extended Farin points. Since bicubic patches often
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occur in practical applications, this example indicates a practical relevance of
the approach presented in this section.

Remarks:

e A similar approach as introduced in [3] for the triangular case is possible
for the rectangular case. Here we have to search for a system of indepen-
dent Farin points p; j,q;; on the line segments of the control net. As in
the triangular case, this approach would require more Farin points than
the solution introduced in this section.

e The solution introduced in this section is not the only one. In fact, other
systems of extended and normal Farin points are thinkable which solve
the problem as well. The distinguishing property of our scheme is the
symmetry along at least one ”diagonal” in the control net.

7.2 Visualizing Curves and Surfaces

From a certain point in the CAGD pipeline up to its end, the data we have
to deal with are parametric curves and surfaces, i.e. data of the type E[‘ﬁ,

E[‘ﬁ, and E[‘ﬁ (see section 2.1 ). This data has to be converted into a graphical
representation. To do so, a number of approaches exist which are usually treated
under the concept of curve/surface rendering. The name ”rendering” is more
common than the concept ”curve/surface visualization”. This is due to the fact
that the dimensionality both of the underlying grid and of the range of values
are that small that there are no further challenges to Scientific Visualization. In
particular, the mapping step of the curve/surface visualization is trivial because
it is a rather obvious approach to map curves to straight line segments and to
map surfaces to polygonal meshes.

In this section we give a brief overview of rendering/visualization methods
for curves/surfaces. A more detailed survey on this subject can be found in [19].

To render parametric curves, the usual approach is to compute an appropri-
ate number of sample points and to represent the curve as a set of straight line
segments between these points. These line segments can be sent to the output
pipeline of a graphical workstation. If the curves live in 3D space, care may be
taken to show their spacial behavior. In addition to standard methods of classi-
cal 3D computer graphics (such as hidden line removal algorithms), the concept
of illuminated stream lines ([213]) may be used for rendering 3D curves: instead
of straight line segments, the curve is represented by narrow cylinders which can
be rendered using illumination and shading. The 3D curves in figures 3.14 and
3.16 of this work are rendered in such a way to emphasize their spatial behavior.

To render parametric surfaces, three general approaches exist ([19]): isocurve
extraction, stepwise refinement, and raytracing. For isocurve extraction, the sur-
face rendering is put down to to curve rendering. A family of parametric curves
on the surface is chosen, and an appropriate number of representatives of them
are rendered. These families of curves may be isoparametric lines u =const
or v =const. However, the choice of an appropriate number of representatives
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Figure 7.23: Surface rendering by extracting isoparametric lines; shown is a tensor-
product B-spline-surface consisting of 3 x 2 bicubic patches; (image from [55]).

has a strong influence on the result of the rendering process. In case of a local
undersampling, important information about the surface behavior gets lost. On
the other hand, local oversampling may cause aliasing effects and visual clutter.
Figure 7.23 shows an example of surface rendering by extracting a family of
isoparametric lines.

Scientific Visualization was faced with a similar problem as the choice of
an appropriate number of isoparametric curves for surface rendering. In flow
visualization, for visualizing tangent curves, an appropriate number of tangent
curves has to be selected (see section 4.3.1.1). There, a number of adaptive
tangent curve selection methods ([196], [104]) have been developed which ideas
can be applied for isoparametric line extraction on surfaces as well.

To render a surface using a stepwise refinement, the surface is approximated by
a triangular mesh. To do so, either a number of sample points on the surface is
constructed and triangulated, or the surface is stepwise refined by subdivision®.
The resulting triangular mesh can be rendered by applying standard methods
of 3D computer graphics. To do so, 3D computer graphics offers a number of
approaches (visibility computation, shading, texturing, shadow computation)
to increase the realism of the rendering. Figure 7.24 shows the rendering for a

subdivided triangular surface for a number of subdivision steps.

To render a surface using raytracing, the intersections between the surface and a
straight line have to be computed. For sufficiently complicated surfaces, this is

5Subdivision surfaces are another popular class of surfaces. Instead of a parametric de-
scription, the surface is given by an initial polygonal mesh and a number of rules to refine
this mesh by subdivision. This way a polygonal approximation of the final surface in any
resolution can be obtained. A treatment of subdivision surfaces is beyond the scope of this
work.
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Figure 7.24: Surface rendering by stepwise refinement; a) triangular approximation
consisting of 4 triangles; b) 9 triangles; ¢) 16 triangles.

Figure 7.25: Raytracing a surface; shown is a bicubic B-spline surface consisting of
15 x 10 patches.

only possible by applying numerical integration methods®. [19] studies numeri-
cal intersection methods for surfaces and straight lines. An example of rendering
a surface using raytracing is shown in figure 7.25.

7.3 Visualization for Surface Interrogation

Surface interrogation techniques have the task of evaluating the quality of a
designed surface by detecting small imperfections on it. Surface interrogation
focuses on a visual analysis of the surface behavior and is therefore a promising
candidate for applying methods of Scientific Visualization. Surveys on standard
methods of surface interrogation are in [79] and [81].

Most surface interrogation methods focus either on the treatment of charac-
teristic surfaces, or on characteristic surface curves. Examples for characteristic
surfaces are focal surfaces ([79]) and stability surfaces ([81]). These surfaces
are derived from the designed surface and reflect certain geometric properties
of it. This way the visualization of characteristic surfaces may reveal geometric
imperfections of the designed surfaces.

SFor example, a bicubic polynomial patch may have up to 18 intersections with a straight
line. To show this, consider the bicubic patch
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Figure 7.26: Visualization of the two families of lines of curvature using a combination
of Integrate&Draw and curvature plot.

To analyze a designed surface using characteristic surface curves, a number
of families of these surface curves exists, such as

e contour lines ([192])

lines of curvature ([55])

e asymptotic lines ([55])

isophotes ([151])

reflection lines ([115], [108]).

In [192] it has been shown that all these families of characteristic surface curves
have something in common:

e They reflect geometric properties of the designed surface.

e They react rather sensitively to small bumps and perturbations of the
surface. Hence they are promising candidates to reveal imperfection in
the surfaces.

o For sufficiently complicated surfaces (such as bicubic polynomial surfaces),
these curves cannot be described as closed parametric curves but only as
numerical solutions of a system of differential equations.

The last-named property creates a number of problems for visualizing the char-
acteristic surface curves. Fortunately it turned out that all the characteristic
surface curves mentioned above can be represented as tangent curves of rather
simple” vector fields - both in the domains of the surfaces and on the surfaces
themselves (see [192]). With this property in mind, virtually all visualization
techniques for vector fields can be used to visualize characteristic curves on sur-
faces. Figure 7.26 shows an example of visualizing the two families of lines of
curvature of the surface which was already shown in figure 7.25. Here we used a
combination of two techniques of 2D vector field visualization: Integrate&Draw
(see section 4.3.3.2) and curvature plot (see section 4.3.3.3). We can clearly
see the "flow” behavior of the lines of curvature. The additionally color-coded
curvature information reveals the underlying patch structure of the surface.
Another example of applying flow visualization techniques to characteristic
curves on surfaces is shown in figure 7.27. Figure 7.27b shows the visualization

7simple in the sense that the vector field can easily be obtained from the surface and the
configuration of the families of characteristic surface curves.
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Figure 7.27: A class of isophotes on a fragment of the surface of figure 7.25; b)
visualization of the geodesic curvature of the isophotes (images from [192]).

of the geodesic curvature of a class of isophotes shown in figure 7.27a. Figure
7.27b clearly reveals areas of high isophote curvature (represented by bright
colors) where a redesign of the surface is necessary. (The surface shown there
is a fragment of the surface of figure 7.25.)

The fact that characteristic curves on surfaces can be interpreted as tangent
curves of vector fields can not only be used to visualize the characteristic sur-
face curves. It can also be used to prove certain properties of the surface curves.
In [186] it was shown that there is — except for some special cases which have to
be excluded — a one-to-one correlation between the G® continuity of a surface
and the G2 continuity of lines of curvature or the asymptotic lines on this sur-
face. Using this statement, the discontinuities in the curvature plot of the lines
of curvature in figure 7.26 show that the designed surface is not G continuous.

In [187] it has been shown that — except for some special cases which have
to be excluded — a G™ continuity of a surface can be deduced from a G™~!
continuity of a class of isophotes on the surface. This means for instance that
the surface in figure 7.27 is not G continuous because the curvature plot of the
isophotes shown in figure 7.27b has discontinuities.



186 CHAPTER 7. SCIENTIFIC VISUALIZATION FOR CAGD



Chapter 8

Summary and Future
Research

In this work we have investigated the correlations between the disciplines CAGD
and Scientific Visualization. Based on a historical analysis, an analysis of the
present data, and an analysis of the pipelines of both disciplines, we formulated
expectations on where it makes sense to search for applications of one disci-
pline into the other. The detailed treatment of these applications confirmed
these expectations. Moreover, following the strategy of investigating the inter-
applicability of of CAGD and Scientific Visualization, we were not only able to
systematize existing approaches, we also developed and introduced a number of
new techniques which apply ideas and methods of one discipline to the other.

Up to now, in both disciplines a large amount of research has been done. Also
the potential interapplications are so various that we had to consider some re-
strictions to keep the issue manageable in this work. In particular, in CAGD
we focused on parametric curves and surfaces. Other approaches of describing
and designing curves and surfaces, such as subdivision surfaces and implicit sur-
faces, had to be excluded here. In Scientific Visualization we focused on the the
treatment of particular visualization techniques more than on aspects of steering
the visualization. In particular, approaches of visualization control, collaborate
visualization and visualization environments could not be treated here.

For the future it seems to be an interesting task to investigate the applica-
tion of subdivision surfaces to Scientific Visualization. The idea of defining
subdivision surfaces can also be applied to describe vector- and volume data
sets. [204] gives a first example of describing vector fields by subdivision.

A further challenge is the systematic treatment of CAGD methods in dis-
ciplines which are related to Scientific Visualization. For example, in medical
imaging, there are already a number of applications of curves and surfaces.
Another candidate for a systematic application CAGD methods is visual data
mining.

Also in the issues treated in this work there are still a number of open questions
which we want to summarize in the following:
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e There are unsolved problems concerning a topology-preserving interpola-

tion of vector fields. In this work we have shown that a 2D vector field
of any topology can be described as a piecewise linear vector field, i.e. a
vector field of a C° continuity. So it is a natural next question to ask for
interpolation schemes which preserve the topology of the piecewise linear
vector field but yield a global C! (or higher) continuity.

The concepts of distances of first order critical points of 2D vector fields
should be extended to 2D critical points of general topology.

Although not treated in this work,there may be further applications of
Scientific Visualization in the upper parts of the CAGD pipeline. For
instance, the search for an appropriate parameterization of a B-spline
curve consisting of n cubic segments can be considered as an optimization
process in the n-dimensional space of all parameterizations. Here visual-
ization approaches of multidimensional data may be applied to support
the designer in this search.
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Thesen

CAGD (Computer Aided Geometric Design) und wissenschaftliche Visual-
isierung sind zwei Disziplinen, welche starke Beziige zur Computergraphik
haben, sich ab einer gewissen Zeit aber als eigenstandige Gebiete entwick-
elt haben.

Beide Disziplinen haben in relativer Unabhéngigkeit zueinander eine Viel-
falt von Methoden, Techniken und Anwendungen entwickelt.

Die Untersuchung der Anwendbarkeit von Ideen und Methoden der einen
Disziplin auf die andere stellt einen hoffnungsvollen Ansatz dar, in beiden
Disziplinen Fortschritte zu erzielen.

Die Untersuchung der Anwendung von Ideen und Methoden der einen
Disziplin in der anderen stellt stellt den Kerngedanken der vorliegenden
Arbeit dar.

Im CAGD ist nur eine geringere Anzahl von Anwendungen der wissen-
schaftlichen Visualisierung zu erwarten, da die Daten, die in CAGD vor-
liegen, nicht explizit in der Visualisierung behandelt werden.

Wegen der Ahnlichkeit der behandelten Daten kénnen die meisten An-
wendungen von CAGD auf dem Teilgebiet der Stromungsvisualisierung
erwartet werden.

Da zu Beginn der Entwicklung der wissenschaftlichen Visualisierung das
Gebiet des CAGD bereits weitestgehend entwickelt war, ist eine grossere
Anzahl von Anwendungen von CAGD-Methoden in der Visualisierung zu
erwarten.

Da die meisten wichtigen Entwicklungen im CAGD zu einer Zeit gemacht
wurden, als die wissenschaftliche Visualisierung als eigenstandige Disziplin
noch nicht existierte, sind weniger Anwendungen von Visualisierung im
CAGD zu erwarten.

Die ablaufenden Prozesse in beiden Disziplinen koénnen in Pipelines be-
schrieben werden. Dies ist ein Standard-Ansatz fiir die Visualisierung, fiir
CAGD musste eine solche Pipeline eingefiihrt werden.

Die meisten Anwendungen der wissenschaftlichen Visualisierung im CAGD
sind in den unteren Teilen der CAGD-Pipeline zu erwarten, wihrend
CAGD-Methoden in allen Teilen der Visualisierungspipeline Anwendung
finden.

Durch die Untersuchung der gegenseitigen Anwendbarkeit von CAGD und
wissenschaftlicher Visualisierung kénnen eine Anzahl neuer Ansétze und
Techniken fiir beide Disziplinen gefunden werden. Diese werden in den
nachfolgenden Thesen charakterisiert.
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12.

13.

14.

15.

16.

17.

18.

Eine Klassifikation der Isoflichen eines trilinearen Skalarfeldes nach der
Anzahl der Flachenelemente wird eingefiihrt.

Eine Isofliche eines trilinearen Skalarfeldes kann als getrimmte Flache
von rationalen kubischen Flachenstiicken exakt modelliert und visualisiert
werden.

Eine neue Klassifikation fiir kritische Punkte erster Ordnung von 2D-
Vektorfeldern wird eingefiihrt. Diese Klassifikation basiert auf den Kon-
zepten Rotation und Skalierung in eine Richtung des Vektorfeldes. Basie-
rend auf dieser Klassifikation kann eine Abstandsfunktion auf der Menge
aller kritischen Punkte erster Ordnung aufgebaut werden.

Ahnlich wie Flichen kénnen Vektorfelder durch geeignete Systeme von
Kontrollpunkten modelliert werden. Diese Systeme von Kontrollpunkten
werden in stiickweise lineare Vektorfelder iiberfiihrt. Auf diese Weise kann
ein 2D-Vektorfeld beliebiger Topologie als stiickweise lineares Vektorfeld
beschrieben werden.

Zur Visualisierung von mehrdimensionalen Daten wird die Technik Shape-
Vis eingefiihrt, welche die mehrdimensionalen Daten durch geeignete Frei-
formflachen Visualisiert. Hierbei wird die gesamte Information eines Daten-
satzes eindeutig in Ort, Grosse und Form dieser Fliachen kodiert.

Die Technik der parallelen Koordinaten wird erweitert zu parallelen Ko-
ordinaten hoherer Ordnung. Durch den Einsatz von Kurven anstelle von
Liniensegmenten kénnen Korrelationen von mehr als zwei Dimensionen
erkannt werden.

Zur Nutzbarmachung von Farinpunkten fiir Bézierflichen werden mehrere
Ansétze gezeigt. Speziell fir die eindeutige und intuitive Beschreibung
der Gewicht eines Subquadrilaterals fiir Tensoprodukt-Bézierflichen wird
eine geeignete Ikone eingefithrt und diskutiert.
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Appendix A

Color Images

Figure A.1: (color version of figure 1.1): a) piecewise bicubic B-spline surface; b)
visualizing one class of lines of curvature using methods of flow visualization.

a) b)

»

»

Figure A.2: (color version of figure 1.2): a) piecewise triangular approximation of an
isosurface of a trilinear volume data set using Marching Cubes; b) computation of the
exact isosurface as trimmed piecewise rational cubic surface.
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210 APPENDIX A. COLOR IMAGES

Figure A.3: (color version of figure 3.1): 2D slices for a point of interest in the volume;
its three 2D scalar fields are visualized as height fields; the point of interest can be
moved interactively (from [143]).

o/

Figure A.4: (color version of figure 3.19): a) and d): two possible contours of (3.4)
and (3.5) where the MC algorithm of [130] and [139] gives the same set of closed
polygons on the faces of the cell shown in ¢); depending on certain inner points, the
exact triangulation is either b) or e).
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Figure A.5: (color version of figure 3.20): a) contour and point v with normal in
z—direction on it; b) closed polygons resulting from the MC algorithm of [130] and

[139]; ¢) part of a wrong triangulation of b); d) triangulation applied here; e) triangu-
lation of d) in 3D.
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Figure A.6: (color version of figure 3.21): Illustration of a topologically exact MC
algorithm; a) create outer rings following [130] and [139]; b) compute inner ring; c)
check connectivity between inner ring and outer rings by intersecting the lines of the
inner ring with all faces of the cell; here the inner ring is connected to two outer rings;
d), e) triangulate the areas between inner ring and outer rings.
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a) b)

»

Figure A.7: (color version of figure 3.22): a) Exact contour over the triangulation
shown in figure 3.21d) and 3.21e); b) exact contour over triangulation in figure 3.21d);
¢) exact contour over triangulation in figure 3.21e). We can clearly see that inner ring
is part of the contour.

a) : b) c) I

d) : 2 g l !
Figure A.8: (color version of figure 3.23): Example of a contour with one outer
ring consisting of 12 edges and the inner ring being completely inside the cell; a)

triangulation between inner ring and outer ring; b) triangulation of inner ring; c)
whole triangulation; d)-f) exact contours over the triangulations a)-c).
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a) b)
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Figure A.9: (color version of figure 3.24): a) Contour which gives two outer rings and
the inner ring completely inside the cell; b) outer rings; ¢) triangulation between inner

ring and one outer ring; d) triangulation between inner ring and the other outer ring;
e) whole triangulation.

a) b) c) .

Figure A.10: (color version of figure 3.25): a) CT head consisting of 423.963 triangles
- a candidate for mesh reduction algorithms; b) detail inside the same CT head - the
triangular mesh is too coarse; ¢) the contour of a triquadratically interpolated scalar
field may have self- intersections and complicated topologies.

AR

Figure A.11: (color version of figure 3.27): a) two cells and the triangular approxi-
mation of a certain contour using MC; b) the exact contour represented by a number
of trimmed surfaces of rational cubic triangular patches; c) the global G* modification
of the contour without changing its topology.
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a) b) c)
Figure A.12: (color version of figure 3.33): Scalar field s(x,y,2) = 2® +y* + 22 |

sampled by a 3 x 3 x 3 grid in the domain [~1,1]%, » = 0.9; a) Marching cubes; b)
exact contours; c) globally G' contours.

ok

Figure A.13: (color version of figure 3.34): 5 X 5 x 5 random volume data set; a)
Marching cubes; b) exact contours; c) globally G* contours.

Figure A.14: (color version of figure 3.35): Downsampled data set of figure 3.25a ; a)
Marching cubes; b) exact contours; ¢) globally G* contours.



215
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Figure A.15: (color version of figure 3.37): Inner detail of the data set of figure 3.25a;
a) Marching cubes; b) exact contours; c) globally G* contours.

& & 5

Figure A.16: (color version of figure 3.38): Inner detail of the data set of figure 3.25a;
a) Marching cubes; b) exact contours; c) globally G contours.

Figure A.17: (color version of figure 3.39): Detail of figure 3.38; a) Marching cubes;
b) exact contours; c) globally G* contours.
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Figure A.18: (color version of figure 4.20): a) linear vector field inside the triangle
X1, X2,X3; b) piecewise linear vector field consisting of two domain triangles; c) curva-
ture plot of b) reveals that the tangent curves in b) are not curvature continuous.

b)r

Figure A.19: (color version of figure 4.24): Piecewise bilinear vector field on a regular
4 x 4 grid; a) Integrate and Draw; b) curvature plot.
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Figure A.20: (color version of figure 4.25): Piecewise biquadratic vector field on a
regular 4 X 4 grid; a) Integrate and Draw; b) curvature plot.

Figure A.21: (color version of figure 4.26): Piecewise bicubic vector field on a regular
4 x 4 grid; a) Integrate and Draw; b) curvature plot.

| - b)- | -
Figure A.22: (color version of figure 4.28): a) stream surface; b) stream tube; c)
stream objects; (from [180]).
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Figure A.23: (color version of figure 4.30): A local probe which represents — among
other measures — the curvature of the tangent curve in the selected locations of the
vector field (from [44]).

Figure A.24: (color version of figure 4.33): Linear vector field with saddle point (a..d);
linear vector field with repelling focus (e..h); linear vector field with center (i..1).

Figure A.25: (color version of figure 4.34): Higher order saddle point (a..d); critical
point with two elliptic sectors (e..h); dipole (i..1).
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a) b)
% | :

c) d)

Figure A.26: (color version of figure 4.35): Linear vector field with a first order critical
point of the type (RN,RN,RN); a) curvature x(v); b) Gaussian curvature K(v); c)
Mean curvature H(v); a) torsion 7(v); (from [205]).

a)

b) '
| . | *
Figure A.27: (color version of figure 4.36): Linear vector field with a first order

critical point of the type (AN,Sa,Sa); a) curvature x(v); b) Gaussian curvature K (v);
¢) Mean curvature H(v); a) torsion 7(v); (from [205]).
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Figure A.28: (color version of figure 4.45): Constructing the piecewise linear vector
field for the topological skeleton of figure 4.39; a) construct piecewise linear vector
field for general critical points; b) construct piecewise linear vector field for first order
critical points of index +1; ¢) construct piecewise linear vector field for separatrices;
d) Delaunay triangulate remaining parts and apply piecewise linear interpolation; e)
final vector field consists of 79 vertices and 138 triangles; f) curvature plot of e).
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Figure A.29: (color version of figure 4.46): a) test data set (4.77) on a regular 38 x
38 grid; b) compressed version of the same topology, compression ratio 90%; (images
from [128]).

Figure A.30: (color version of figure 4.47): a) vector field (4.77) on a 38 x 38 regular
grid: 1444 grid points; b) curvature plot of a); c¢) remodeling the critical points as
piecewise linear vector field; d) remodeling the separatrices as piecewise linear vector
field; e) complete remodeled piecewise linear vector field consists of 40 vertices and 68
triangles: compression ratio 95%; f) curvature plot of e).
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Figure A.31: (color version of figure 4.48): a) fragment of the vector field shown in
figure 4.27 on a 34 x 34 regular grid: 1056 grid points; b) curvature plot of a); c)
remodeling the critical points as piecewise linear vector field; d) remodeling the sepa-
ratrices as piecewise linear vector field; e) complete remodeled piecewise linear vector
field consists of 124 vertices and 226 triangles: compression ratio 79%; f) curvature
plot of e).

Figure A.32: (color version of figure 5.9): Visualization of the car data set (38 obser-
vation cases, 6 dimensions); a) overview; b) zoom into the cluster.
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Figure A.33: (color version of figure 5.10): Visualization of the city data set; a)
overview; b) zoom into the cluster.

Figure A.34: (color version of figure 5.11): a) city data set - zoom of the 5 objects
lower right in figure 5.10b; b) 6-dimensional demographic data set using simplified
ShapeVis (image from [121]).
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Figure A.35: (color version of figure 5.28): Influence of the weight w; a) higher order
parallel coordinates; b) dual curve of a) in cartesian coordinates.
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Figure A.36: (color version of figure 6.2): a) minor hyperstreamlines for a stress
tensor field (image from [123]); b) tensor lines (yellow) and hyperstreamlines (cyan)
for a diffusion data set (image from [206]).
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Figure A.37: (color version of figure 6.3): Magic Eye View for hierarchical data; the
rings on the sphere represent the levels of hierarchy; a) edges of the graph represented
as straight lines; b) edges of the graph represented as rational quadratic Bzier curves.

Figure A.38: (color version of figure 6.4): Blobs; a) initial object layout; b) Blob
surfaces denoting the clusters (images from [177]).
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Figure A.39: (color version of figure 7.25): Raytracing a surface; shown is a bicubic
B-spline surface consisting of 15 x 10 patches.

o =

Figure A.40: (color version of figure 7.26): Visualization of the two families of lines
of curvature using a combination of Integrate&Draw and curvature plot.

Figure A.41: (color version of figure 7.27): A class of isophotes on a fragment of
the surface of figure 7.25; b) visualization of the geodesic curvature of the isophotes
(images from [192]).
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