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Ubersicht

Betrachtet man das Gebiet der Volumenvisualisierung varhni@ogischen Standpunkt aus, so
sind dort in den letzten Jahren eine Reihe neuer und niézliderfahren entwickelt worden, wie bei-
spielsweise multidimensionale Transferfunktionen unsbelliigelte Shadingmodelle. In der Praxis
ist die moderne Volumenvisualisierung allerdings noctihigeit verbreitet. Die Benutzer berichten
von Problemen, die hauptsachlich auf die BewaltigungKtanplexitat visueller Parametereinstel-
lungen zuriickzufiihren sind. Genau genommen liegen digvigdgkeiten in der Spezi zierung der
optischen Eigenschaften, die mit Hilfe von Transferfunkéin vorgenommen werden. Die bereits
existierenden Automatisierungsverfahren bieten nichtFlexibilitat, die erforderlich ist, um gute
Ergebnisse fur unterschiedliche Datensatze liefernémn&n. lhr Einsatz ist darlber hinaus oft auf
allgemeine Anwendungsfalle beschrankt, da sie fur diesi2llung bestimmter Strukturen nicht spe-
zi sch genug sind. Alternativ kann die Transferfunktioncaumanuell eingestellt werden. Dies ist
jedoch ein sehr langwieriger und zeitaufwandiger Promeskselbst fir Visualisierungsexperten ist
der Ein uss einer Parameteranderung auf das Ergebnisftischwer vorhersehbar.

Bisweilen fehlt eine klare Semantik, um schnell, effektndwielorientiert arbeiten zu kbnnen. Die
vorliegende Ausarbeitung schlagt daher eine Methode mieliing semantischer Modelle zur Volu-
menvisualisierung vor. Dabei wird ein aus dem Bereich denfuter-Animation bekanntes Verfahren
in Verbindung mitPrincipal Component Analyssngewendet. Dies erlaubt es Visualisierungsexper-
ten, Modelle zu entwickeln, die anschlie3end von Benutagifrintuitive Weise angewendet werden
kdnnen.

Diese Ausarbeitung fiihrt den Leser in die theoretischemn@agen der Entwicklung semanti-
scher Modelle ein. Im weiteren Verlauf wird ein Frameworkgestellt, mit dessen Hilfe diese Mo-
delle realisiert werden konnen. AnschlieRend werden diozelelle beispielhatft fur die Visualisierung
medizinischer Datensatze erlautert (Computertomdgeapnd Magnetresonanztomographie).



Abstract

From the technological point of view, a variety of new andfuséatures has been added to
volume rendering algorithms in recent years, includingtirdimensional transfer functions and so-
phisticated shading models. However, advanced volumeerargdtechniques are not widely used in
practice. This is mainly due not to technological reasons,td dif culties in managing the com-
plexity of visual parameter assignment which is done by meditransfer functions. Users report on
problems concerning the process of specifying optical @rigs for datasets. On the one hand, auto-
matic approaches of designing a transfer function are eft¢mdaptable and exible enough in order
to realize a desired visualization. On the other hand, marassfer function assignment is a chal-
lenging task even for expert-users, since appropriateingzfaces, especially for multi-dimensional
transfer functions, are dif cult to operate.

This thesis proposes an approach of transfer function desigch deals with semantics. For
this purpose, an additional abstraction layer for paramaiodels of transfer functions is introduced
which facilitates the speci cation of optical propertieBhe method of calculation is based on princi-
pal component analysis and adapts concepts from the eldwiputer animation.

Additionally, a framework is presented which allows visgalion experts to design high-level
transfer function models which can be used intuitively bgexpert users. As a result, user interfaces
are obtained which provide semantic information for spea@pplication areas. Within this thesis,
two semantic transfer function models for medical viswlan are developed, namely Magnetic
Resonance Imaging and Computed Tomography Angiography.

Besides the practical work, the following aspects are dised in this thesis: an overview of the
basic techniques which this work implies, the developméattbeoretical semantic transfer function
model, the practical realization and implementation oftthasfer function model into a framework,
and the visualization of the results based on semantic reodel
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Preface

This work describes the results of the diploma thesis ptdfet | carried out as a student of the
Computer Graphics Group of Prof. Dr. Andreas Kolb of the @nsity of Siegen. The preparations of
this work started during my internship at Siemens Corporasearch (SCR Princeton, New Jersey,
USA). This project was established by my supervisor Dr. &bfiRezk-Salama, Computer Graphics
Group of the University of Siegen, and by the group of Dr. Giaa Paladini and my supervisors Dr.
Klaus Engel and Dr. Thomas Maller of the Department of Imggind Visualization at SCR.

Within the scope of this thesis, a high-level user interfaased on semantic models is proposed
in order to facilitate transfer function adjustment in voletric datasets. The existing object-oriented
C++ visualization frameworkOpenQVis is extended with several transfer function models and ed-
itors. The results of the semantic models are visualizedearei@l purpose graphics hardware by
volume rendering.

This thesis is divided into 8 chapters. After the introdoistin chapter 1, an overview of the re-
lated work is given in chapter 2, followed by a review of thedhetical basis in chapter 3, including
concepts from computer animation. Subsequently, theatetispects of a new semantic model are
introduced in this context in chapter 4. Chapter 5 propo$egrt ways of the design of semantic
models in practical cases. In chapter 6, a realization oafipgoach extending the OpenQVis frame-
work is described. The results of the new transfer functiadeh which are based on two medical
application scenarios are presented in chapter 7. Chamten@udes the presented thesis and com-
ments on future work. Finally, the appendix contains infation about the implemented semantic
models and reference datasets.
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Chapter 1

Introduction

In recent years, interactive high-quality volume rendgrivas advanced from expensive high-end
graphics workstations to inexpensive desktop computdrat i§ one of the reasons why volume ren-
dering has gained great importance in many applicationsasaeh as medical applications, natural
and computational science, industrial design, and engimgeeln the past, problems with memory

management have been successfully solved, making it pedsilnavigate interactively through a

volume dataset in real time. In addition to this, a varietyuséful features has been added to vol-
ume rendering algorithms, including multi-dimensionainsfer functions and sophisticated shading
models.

(@) (b)

Figure 1.1: Volumetric datasets and transfer functionguig 1.1(a) shows a volume dataset without
any appropriate transfer function. There are no clear stres visible. In Figure 1.1(b) a transfer
function is applied to a CTA dataset which separates thetsires contained in the data.

In practice, and especially in medical imaging, howevevaaded volume rendering techniques
are not used as frequently as you would expect them to be Tikilis mainly due not to technological
reasons, but to dif culties in managing the complexity ofwal parameter assignment. The process
of specifying optical properties with regard to datasetsic is usually done by means of transfer
functions, is a tedious and time consuming process for meatsu The visual effect of parameter
modi cation often is hardly predictable even for visualipam experts. In general, there are no intuitive

3
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(b) (c)

Figure 1.2: MRI head in slice and volumetric point of viewgéie 1.2(a) illustrates a traditional slice
image. Figures 1.2(b) and 1.2(c) are examples of volumeerérglimages of the same MRI volume
dataset.

user interfaces which could offer possibilities to acceshgeatures without profound knowledge of
the algorithms. An alternative might be to take automatit emi-automatic approaches. But, on the
one hand, they are dif cult to adapt to a wide range of dataaatl, on the other hand, they often are
not speci ¢ enough to realize a desired visualization. lfomoatic approaches fail, non-expert users
are left alone and end up in struggling with parameters (spa&1.1).

At least there are two different ways which determine a fierfsinction. The rst way is to think
of a transfer function as a large color table. For each ddtaeyaptical properties can be obtained
by a table lookup. In the eld of multi-dimensional transfieinctions, however, this representation
is not appropriate due to the memory requirements for gjattie lookup table. The second way
is to introduce an additional layer of abstraction. The modeser interfaces for transfer function
speci cation use simple shapes such as boxes, ramps, grettias as primitive objects to manipulate
the transfer function by moving the primitives directly dretscreen. The main bene t of primitive
objects is the signi cant reduction of the degrees of fraadbat the user must manage in order to
establish a suitable transfer function.

Yet the manipulation of primitives is still a dif cult taslespecially for non-expert users in a multi-
dimensional transfer function environment. The transfgrcfion's speci cation often is a trial and
error process, because of the number of parameters, whitii tso high and confusing. Due to this
fact, the approval of volume rendering in scienti ¢ visualiion is not distributed as widely as it could
be in everyday use.

With regard to the visualization of medical data applied hygicians, a lack of clear semantics
has been noticed. Physicians often suggest to make thds/esse sharp, to fade out the soft tissue,
and to improve the contrast between skin and bone, for iostalBven visualization experts who are
familiar with the underlying transfer function model ane tkespective editor have problems to gure
out which modi cations of the primitives will yield the desid result.

Dif culties arising from complex applications being usey bon-expert users are not a problem
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which is unique to visualization only. Other elds like conter animation have already found so-
lutions to a large degree. This thesis adapts concepts foonpuater animation to the eld of direct
volume rendering applications in order to improve the Ugghof transfer function design. The goal
of this work is to provide a high-level user interface basedemantics, mainly for clinical use, which
is easy to apply and adaptable to many application scendrfeefore, the user interface contains a
list of structures which the dataset consists of. In cohtas Magnetic Resonance ImagirflyiRI)
dataset, where the separation ekifi’ and “brain” structures might be important (see Figure|1.2),
structures like soft tissug “boné€, and “vessels might be interesting in &omputed Tomography
Angiography(CTA), for example. Additionally, a list of attributes, duas ‘Visibility”, “ contrast,
“sharpness and “color” completes each entry of the list of structures and, basedl@ar seman-
tics, it enables the user to explore the dataset interdgtasewell as and goal-directed . Finally, the
underlying technical model translates the manipulatiots & modi cation of the transfer function.

This approach allows visualization experts to design fearfanction models for speci ¢ exami-
nation purposes which afterwards can be used intuitivelpday-expert users such as physicians, for
example.



Chapter 2

Related Work

Direct volume rendering research tends to focus either dkingahe rendering algorithms faster or
on extending existing rendering methods to work with a widsiety of datasets. From the techno-
logical point of view, new and useful features have been @ddesolume rendering algorithms. A
lot of sophisticated techniques try to solve the volume egingy integral in real-time, including the
shear-warp algorithm [LL94], 3D texture slicing [CCF95, Wi@4], 2D texture mapping [RSEBRQ],
pre-integration [EKEO1], GPU-based rendering methods IBWRGWEO03, SSKE05, EWR96,
EWRS' 05], and special purpose hardware. The ideas which areildedan this diploma thesis are
independent from the speci ¢ implementation of the renaiglgorithm.

Most approaches with respect to direct volume renderingséienti ¢ purposes are currently
based on a simpli ed physical model of light transport [L&a§, in which light is assumed to travel
along straight lines. Thus, the integration of radiativergy along rays of sight is done by considering
physical quantities describing the light: emission ancoghtton are assigned to every voxel. Kniss
et. al. [KPHEO2] develop a more complex and elaborate moidélat transport involving shadows
and translucency. Their model requires the speci catioadtfitional physical quantities.

If the dataset's scalar values alone are not suf cient tdexehthe optical properties required for
rendering, so called multi-dimensional transfer func@)may be used. Multi-dimensional transfer
functions are basically highly superior to traditional afimensional (1D) transfer functions. Addi-
tionally to the scalar values, the magnitude of the rst aadand order derivatives of the scalar eld
are frequently used to expand the domain of the transfettibmcVega et al. demonstrate the ben-
e t of two dimensional (2D) transfer functions for visudligy blood vessels in CTA data [HSD4].
Kniss et al. use multi-dimensional transfer functions @sslfy co-registered multivariate magnetic
resonance imaging (MRI) data [KSV04] and Kindlmann et al. propose an algorithm to detect the
material boundaries based on the rst and second derist¥éhe scalar data [KD98]. Kindlmann's
approach is probably the best method currently availablasitalize shapes and structures in an un-
known volume dataset. However, the complexity of paramgpeci cation signi cantly increases
with each additional dimension.

! For further information about multi-dimensional transfienctions see section 3.2.
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In recent years, a lot of research on automatic and semiveito transfer function design has
been made. These approaches can be categorized into imegeab well as data-driven techniques.
The major purpose of a transfer function is to create me#ulingages. In consequence, image-
driven techniques for automatic transfer function desigalyze the information contained in the
images which are generated with different parameter gattiMethods for setting visual parameters
reported in literature either explore the parameter spategactively {nteractive evolutiorfKoc90,
Sim91, TL92]) or search for optimal settings based on anabl quality measureirfverse design
[Sim94, vdP93, KPC93, WK88]).

The rst image-driven method which | would like to outline $xdeen presented by He et al.
[HHKP96]. Their method uses genetic algorithms to createaddransfer function. The system ran-
domly generates a set of transfer functions and renderd sreales for each one. After having been
introduced to this set of renderings, the user then pickéetlheenderings that seem to best display the
interesting structures of the volume data, and a new papalaf transfer functions is stochastically
generated based on those that the user picked (like in [KIGBBE process iterates until the user feels
that the best transfer function has been found. Alternigtie® image-processing metric like entropy,
variance, and energy is used as an objective tness funtti@valuate the rendered images without
human guidance. The process eventually results in a trafisfetion which maximizes the tness
function. The method succeeds in generating good rende&nd frees the user from having to edit
the transfer function manually. The second method propbgdMAB * 97] addresses the problem of
parameter tweaking in general, with applications of liglaicpment for rendering, motion control for
articulated gure animation as well as transfer functiomslirect volume rendering. The basic idea of
this approach is to generate a very large set of transfetimgcautomatically and randomly and to
organize small thumbnail renderings, which result fronségansfer functions, intodesign gallery
Design galleries arrange the results and organize themeeatly so that intuitive browsing can be
made by the user, who peruses these thumbnail images,isglget most appealing rendering.

Both methods seem to create reasonable transfer functiotat the cost of completely preventing
the user from a manual experimentation with the transfectfan. As the process which generates
the transfer function is a random process, the user has tsetmetween results which were presented
by the system. The quality of the nal transfer function is/ays uncertain. It is signi cantly that the
generated transfer functions are not constrained at alhipyreeasured properties of the data. Instead
of interacting with the parameter space of transfer fumgtidirectly, the user explores it indirectly.
This means that he only sees the results of the parametiegskett the rendering. Furthermore, the
introduced methods may only generate good transfer fumetior renderings from one particular
point of view. If the point of view changes, the algorithmdlvterate in a different way and may
generate completely different results. It can be said tiedd methods are not appropriate for nding
good transfer functions but rather for nding good rendeiradges.

In contrast to image-driven methods, data-driven teclescanalyze the volume data instead of
the generated images. The process of transfer functiogrilésithus decoupled from the in uence
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of image related parameters such as viewing position arel pgsolution. Fang et al. [FBT98] face
the problem of transfer function design from an image prsiogspoint of view. They use a transfer
function to transform a three dimensional (3D) scalar va@uim a 3D red, green, blue, and alpha
(RGBA) volume and apply 3D image processing operationsctlir¢o the volume data. A disad-
vantage of this method is the high cost in memory that is reguio store intermediate results for
the image processing operations. A related technique vesepted by Sato et al. [SWBO0], who
applied 3D image lters in order to accentuate local intgnstructures. The transfer function domain
is a multi-dimensional feature space in their concept. bteoto overcome the limitations inherent
in conventional 1D opacity functions, they propose a claagon method for tissues that employs a
multi-dimensional opacity function, which is a functiontbe 3D derivative features calculated from
a scalar volume, as well as the volume intensity. Tissuestefést are characterized by explicitly
de ned classi cation rules based on 3D lters which highfiglocal structures. The 3D local structure
Iters are formulated using the gradient vector and Hessieatrix of the volume intensity function
combined with isotropic Gaussian blurring. Three yeartiexaBajaj et al. [BPS97] described a tool
for assisting the user in selecting isovalues for effedsesurface volume visualizations of unstruc-
tured triangular meshes for isosurface rendering. By déipdpthe mathematical properties of the
mesh, important measures of an isosurface such as surfe@eaad mean gradient magnitude can
be computed with great ef ciency. The results of these meaments are integrated into the same
interface, which is used to set the isovalue.

The principles of multi-dimensional transfer functions/@édeen investigated before by various
researchers. Levoy [Lev88b] introduced two styles of timmnfainctions. Both are multi-dimensional
and both are using gradient magnitude for the second dimengdne transfer function is intended
for the display of interfaces between materials, the otbetife display of isovalue contours between
more smoothly varying data.

Summing it up, it can be pointed out that image-driven teghes are based on a trial-and-error
generation of images to navigate the space of transferi@nsct With this approach, the user can
examine the results to nd the best rendering. Data-drieshmiques are based on the analysis of the
volume data and provide methods to visualize shapes areligtes in an unknown volume dataset. In
most practical cases the user knows exactly what structreesontained in the dataset. He wants to
visualize these structures of interest as fast as possifileout detailed knowledge of the rendering
algorithm or the transfer function. For this purpose, irsttiploma thesis an additional level of
abstraction will be introduced which completely hides tiamsfer function from the user by providing
a limited set of semantic parameters.



Chapter 3

Background

The following chapter provides an overview of the composdhtt are included in the approach
of high-level user interfaces based on semantic modelsunveldata are described and it is said
how they can be used for image rendering. In addition to this, chapter gives an introduction

to the eld of multi-dimensional transfer functions, whiéhcludes 2D histograms based on data
values, gradient magnitude and the second directionalate. Section 3.3 outlines the technique
of Principal Component Analysibrie y, which is used to approximate the range of input data t

a lower-dimensional subspace. This chapter is concludetthdydea of this thesis, which is about
facilitating visual parameter assignment based on coadaptrowed from computer animation.

3.1 \Volume Data

A discrete volume dataset simply is a three-dimensionalyanof cubic elements called voxels. A
voxel (which is a coined word based on the words volumetrit girel) is a volume element which
represents a value in 3D space. It is analogous to a pixethwkpresents 2D image data. Figure 3.1
shows two interpretations of a voxel value which depend erutage: a unit of space in the volume
as well as a sample point in a grid [Kau94].

Volume datasets can be divided into measured and simulatadadd they differ in the structure
of the underlying grid. Measured datasets, as they areettdnt the following techniques, which are
mainly used in medical imaging, are usually acquired on &umirectilinear grid:

Computed tomography (CT). CT, originally known as computed axial tomography (CAT or
CAT scan) or body section roentgenography, is a medical imgagnethod employing tomog-
raphy where digital geometry processing is used to genertiieee-dimensional image of the
internals of an object from a large series of two-dimendidheay images taken around a single
axis of rotation.

Magnet resonance imaging (MRI).An MRI uses powerful magnets to excite hydrogen nuclei
in water molecules in human tissue, producing a detectéphals Traditionally, an MRI creates

9
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Figure 3.1: Figure 3.1(a) shows cubes, with each cube reptiag a unit of space with particular
properties in a larger volume. In Figure 3.1(b) voxels aterpreted as point samples in a 3D grid.

a large series of 2D images of a thin slice of the scanned phjest like a CT scan. The

difference between a CT image and an MRI image is a questidetafls. In CT, X-rays must

be blocked by some form of dense tissue in order to create aganthus the image quality will

be poor when you look at soft tissues. An MRI can only managidgen based objects. This
means that bone, which is calcium based, will be a void in tinggie and will not affect soft

tissue views.

Ultrasound (US). Medical ultrasonography uses high frequency sound wavésgtafeen 2.0
to 10.0 megahertz that are re ected by tissue in varying elegproducing 2D images. Doppler
capabilities of modern scanners allow the blood ow in dggrand veins to be assessed.

In contrast to this, grid design algorithms for nite elemesmulation usually produce unstruc-
tured grids based on tetrahedrons and prisms. The value@{eh may represent various properties.
In CT scans, the values are Houns eld units ([Hou73]), givihe opacity of material to X-rays.
Different types of values are acquired from MRI or ultrasdun

The rendering of data represented as 3D scalar elds is knasviolume rendering. In many
ways, it has an even greater need for hardware accelerhfiorpblygon rendering does, since volume
datasets are generally much larger than polygon dataseth e used for surface visualization
[FVDFH96]. Furthermore, voxel calculations are simplearttpolygon calculations. Compared to
surface data, which determine only the outer shell of anabbj®lume data describe the internal
structures of solid objects. In addition to medical and rHtie data representation, volume data
allow the modeling of uid and gaseous objects as well as ¢firzd phenomena such as clouds, fog,

re or water [RS02]. The rst architecture, which was desgghin order to accelerate the display of
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volume datasets, classi es voxels as eitbhecupiedor empty[Mea85]. This approach minimizes the
amount of processing but also obscures data in the intefitihreoobject. Nowadays, implemented
rendering algorithms in most cases fully use the progranengidaphics pipeline for displaying and
editing the volume data in real-time

Physically, a scalar volume can be interpreted as a conigtioee-dimensional signal:

f(x)2R with x2R%: (3.1)

In signal processing, the Nyquist Rdtg is the minimum sampling rate (in samples per second)
which is required to avoid aliasing when sampling a contirsusignal. If the input signal is real and
band-limited, the Nyquist rate is twice the highest freaquyerontained within the signal, which reads

fn =2f4; (32)

with f y being the highest frequency component contained in thekigymorder to avoid aliasing
effects, the sampling rates must exceed the Nyquist ratés > f \. According to the sampling
theory, an ideal reconstruction of the signal requires threvalution of the sample points withsénc
function (Figure 3.2)

sin( x )
X

sinc(x) = : (3.3)

Due to the fact that this function has in nite extend and tlallssampling points of the original
signal (and not only those in the close vicinity) should basidered, it follows that in practice it is
intractable to applginc for an exact reconstruction. Furthermore, it must be takEmaccount that a
signal's shape is determined by its frequency spectrum.shiagoer and more angular a waveform is,
the richer it is in high-frequency components. Signals wiigtontinuities have an in nite frequency
spectrum. Any sharp boundary between different materiadis én an in nite extend in the signal's
frequency spectrum, which will produce aliasing artifa€the signal is reconstructed from discrete
samples. In practice, the ideal 3ihc lter is replaced by either a box Iter or a tent Iter in orddp
reconstruct a continuous signal from the 3D array of voxels.

Sampling theory again becomes important in the topic ofsfearfunctions. The order in which
signal reconstruction and transfer function are executdllé volume rendering pipeline can make a
signi cant difference in the quality and speed of rendesintf a transfer function is applidaeforethe
reconstruction of the signal, the optical properties thelwes are interpolated from the grid samples.
The image is rather disturbing, not only because the freguspectrum is changed, which might
invalidate an initial assumption of band limitation andlhius strongly violate the sampling theorem,
but also because of the blocky appearance. This effect medaoy important features, which may
be missed if the data value changes rapidly from one grid Eapgint to the next. If the continuous
signal is reconstructed rst and then the transfer funci®applied, it is ensured that the sampling

'Recent volume rendering visualization techniques are ioreed at the beginning of chapter 2.
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siﬁc(x)

Figure 3.2: The ideal reconstruction lter for one dimemsbsignals is theinc lIter.

theorem is obeyed, although the transfer function willddtrce another high-frequency component
to the signal. As long as the transfer function itself is bamited, the signal is protected from any

aliasing. The volumetric shapes result in a much bettetesgmtation by the high-frequency of the
transfer function applied as a so-called post-classiaradi

3.2 Multi-Dimensional Transfer Functions

The term ‘tlassi cation’ refers to the assignments of optical properties to dataesl The process
of classi cation is one of the most important steps in theuwoé rendering pipeline, as it creates
the optical properties that will emphasize an importantuiesor obscure unimportant ones. Optical
properties such as opacity and color are assigned to datasvalith the help of a transfer func-
tion. The quality of the resulting visualization will be ¢galy dependent on how well these optical
properties capture features of interest. In general, te@gdeof a transfer function is a manual and
time-consuming procedure, which requires detailed kndgdeof spatial structures that are repre-
sented by the dataset. There are three dif culties reggrthie process of specifying good transfer
functions [Kni02]:

It is dif cult to identify features of interest in the traresf function domain. A feature of interest
may be easily identi able in the spatial domain, while, o thther hand, the range of the
concerning data values may be dif cult to isolate in the $fen function domain, although
other, uninteresting regions may contain the same rangataf\@lues.

The transfer function may have an enormous number of degrfegsedom, which may be
pretty dif cult to handle by the user.

2For detailed information about different reconstructidiers for volume data and pre- and post-classi cation afisfar
functions see [Nov93, RS02].
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Typical user interfaces do not guide the user with regarektting all the control points of the
transfer function based on dataset speci ¢ informationngaguently, the user must rely on a
trial and error process in nding good images.

Traditionally, the easiest way to de ne a transfer functi®to determine color and opacity values
for a voxel as a function of its scalar value. In practice,amsfer function is realized as a lookup
table of xed size. Scalar values are assigned to the RGBraaitries of the lookup table in order
to consider the emission of colored light. The opacity vdtweeach voxel is determined as a scalar
value between 0 and 1 which represents the absorption deatx

@) (b) (c)

Figure 3.3: Structure rendered with 1D and 2D transfer fonst The adding of the gradient magni-
tude as a second axis to the transfer function disambigtfe¢dsoundaries (Figures 3.3(b) and 3.3(c)),
whereas Figure 3.3(a) is generated with a 1D transfer fometihich offers no possibility to separate
the blood vessels from the bone.

Rather than classifying a sample based on a single scala, valulti-dimensional transfer func-
tions allow a sample to be classi ed based on a combinatiorabfes. These values are the axes of
a multi-dimensional transfer function. Thus, the proligbilith regard to isolating and differenti-
ating between structures in the dataset increases. FigBii#uatrates the differences of a 1D and a
multi-dimensional (2D) transfer function.

The rst and second order derivatives can be taken into atcou order to de ne a multi-
dimensional parameter domain in addition to the scalarevalthe gradient vector is the rst order
derivative for a scalar functioh(x; y; z) representing the 3D data, and is de ned by using the partial
derivatives off in x-, y- andz-direction as

rf=_>fxfyf;)= Yf; Vf; ?f : (3.4)

As a vector, it points into the direction of the greatest gearirhe gradient magnitude is a scalar
quantity which describes the local rate of change in theasceld. It is computed as the absolute
value of the vector

q
fO=kr fk= 2+ fy2+f,% (3.5)
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For notational conveniencé,’is used to indicate the magnitude of the gradienf of This value

is useful as an axis of the transfer function, because iindigishes between homogeneous regions,
which have a low gradient magnitude, and regions of change&hihave a high gradient magnitude.
Please consider the relationships between the differastim¥igure 3.4(a) in order to get a better
idea of multi-dimensional transfer functions. The imagalgres one segment of a slice from a
synthetic cylinder dataset. Please note that at the midtpbihe boundary between the two materials
(background and cylindérthe rst derivative is at a maximum and the second derivatias a zero
crossing. Because of blurring, the boundary is spread oxemnge of positions.
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Figure 3.4: As a function of position, Figure 3.4(a) shows telationship between data valuég,(
gradient magnitudef ¢ and the second directional derivatiie§. In Figure] 3.4(b), the derivatives
are displayed as a function of data value. Figure: courté§oodon Kindimann [KD98].

The patterns of which the datasets consist can be visualithdhistograms. In general, a his-
togram is a structure for representing a discrete apprdiomaf a probability distribution function.
Histograms are useful due to the fact that they can providargact summary of a large amount of
data. Statistical quantities can be measured easier froist@gham than directly from the data. It
is a good approach to examine the relationship betwedr? andf °© A common way to visualize
a histogram is to produce two dimensional scatterplots td galue versus rst derivative, or data
value versus second derivative, as seen in Figure 3.5. & theatterplot images, the data value and
their derivatives are aligned to the axes as in Figure 3iA(b)der to facilitate comparison. The dark-
ness in the scatterplots encodes the number of hits for a girsdient/value pair. The results of the
scatterplots closely conform to the curves of the contisumear sampling example in Figure 3.4(b).

Since materials are relatively homogeneous, their gradieagnitudes are low. Boundaries be-
tween the materials are shown as arches. Figure 3.6(a) shiostogram of data value versus gradient
magnitude of a CTA dataset. The materials can be seen asaciregions added to the histogram.
The labeled regions of blood vessels, bone and skin weraébby using a 2D transfer function and
can be found in the rendered image of Figure 3.6(b).
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Figure 3.5: Cross-section and histogram scatterplots $gn¢hetic cylinder dataset. In Figure 3.5(a)
a cross-section of the dataset is shown with only one visitdéerial boundary. Figures 3.5(b) and
display a projection of the histogram volume, shautime relationship betweeh andf °and
betweenf andf with the indicated values; and , from Figure 3.5(a) on thé(x) axes. Figure:
courtesy of Gordon Kindimann [KD98].
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Figure 3.6: A volume rendering based on a 2D transfer funatfcdata value and gradient magnitude
showing bone, skin and blood vessels. In Figure 3.6(a), sufrtfee structures which are part of the
dataset are labeled in the histogram. Figure 3.6(b) displas rendered image.

The arches that de ne material boundaries in a 2D transfectfan often overlap. This prevents
sometimes a homogeneous region from being properly isblagethe 2D transfer function of data
value and gradient magnitudé9. This effect can be avoided by using transfer functionsebtas
on data value and the second derivatit’€Y( More details on these measurements can be found in
the semi-automatic transfer function design method by iKiaghn and Durkin [KD98, Kin99]. Their
approach is capable of determining material boundaridsmd given dataset by evaluating statistical
information about the rst and the second order directiatalivatives with the help of histograms.
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3.3 Principal Component Analysis

One of the statistical techniques frequently used in varields of applications is calledPrincipal
Component Analysi@PCA). It is a powerful method for data analysis and patteaognition and it
can also be adapted to reduce a complex dataset to a loweanglonén order to reveal the sometimes
hidden, simpli ed structure. In the following, the PCA thgdPFTV92] is brie y described to get
familiar with the technique, which is used in chapter 5 o$ tiesis to approximate the range of input
data in a lower dimensional subspace.

The input for the PCA is a set of parameter vectong; 2 R", with each vector consisting of
parameter values. These vectors can be arranged into xmatri [po; pP1; :::; Pm 1] 2 R™ ™.
The vectop is the vector of mean values of all input variables de ned by:

¢ 1
pi: (3.6)

1

P=m
i=0

In order to calculate the mean-deviated representdiaf the matrixP, the mean vectpr has

to be subtracted from all input vectors
di = pi p: (3.7)

This process is calledenteringand results in a new matrix
D = [dg; dg; dp; i:i;dm ]2 R™ M (3.8)
PCA can be described as a linear transformafio@ R" " of D into a matrixY according to:
AD = Y: (3.9)

After the transformation, the row vectors %f contain the components of the maximum variance in
descending sequence. Figure 3.7(b) shows the 2D scattefilee mean-deviated input vectors. The
mean vectqy is the new center of the scatterplot. With the help of the ranated matrixXD , the
symmetric and positive semide nite covariance matix 2 R" " can be calculated by:

1 X! v
Cp = ——  (Pi P)pPi P)
i=0
1 ppT. (3.10)
m 1 ' '

The elements on its main diagonal are the variances of therveomponents. All other entries
describe the covariance between two different compondnt&rder to achieve the transformation
presented in equation 3.9, matéx has to be determined by calculating the eigenvaluesd the
eigenvector® of the covariance matri€ p . The row vectors of matri& are the eigenvectors ordered
by their eigenvalues in descending sequence.
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Figure 3.7: Figure 3.7(a) shows a scatterplot of the inpators as point samples in a simple 2D
example. In Figure 3.7(b) the input vectors are mean-detiand PCA is used to determine the axis
of the maximum variance. Figure 3.7(c): Reducing the inmators to the rst principal component
approximates the data in a lower-dimensional subspace.

The eigenvector corresponding to the largest eigenvalcedliesd the rst principal component and
determines the axis of maximum variance of the joint praiighdistribution. Smaller variances in a
lower-dimensional subspace are marked by the followingagal components which are orthogonal
to all other principal components. The valuesYofare calculated with the help of the principal
components. The mean-deviated original data can be residtle the equations

D = A ly; (3.11)
= ATY: (3.12)
P = (ATY)+p: (3.13)

The inverse ofA in equation 3.11 is equal to its transpose in 3.12 becausdeitsents are the
unit-length eigenvectors of the dataset. Bsrepresents the mean-deviated data, the mean vector
p has to be added to obtain the original datd®eince again (see equation 3.13). A more general
solution called Singular Value Decompositiér(SVD) could also be used in order to reduce the
dimensionality of the data [ShI05]. The methods PCA and Sxbctosely related.

3.4 Computer Animation

The inspiration of the user interface design presentedsrtliBsis is based on concepts from computer
animation. Direct connections of attributes between the dljects can be established in order to
manipulate an object with the help of another object. Fotaimse, connecting a cone's rotation
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attribute to a cube's position attribute results in a movindpe while the user is rotating the cone.
Direct connections are the strictest way to connect atewf objects. The example shows that
there is no way for a direct connection to tweighted This means that the cube would move out
of the image if the cone's rotation would continue. In the oty and animation package Alias
Maya™, for example, this is possible by creating so-callddven keys Other animation tools may
use different names for a similar concept. Driven keys aita@edirect and rather rigid connections
of attributes nor conventional key frames, where an obgtdld to be in position 1 at one time and
in position 2 at another time. Driven keys are particulady kames that are speci ed with respect to
an abstract parameter axis and not with respect to the tiige Blxey are an excellent tool for semi-
automation. In the example mentioned above, the cone skeuk as a lever which has a prede ned
motion sequence. Turning the lever counterclockwise mtivesube to the left until it reaches its
nal position. The same applies to turning it clockwise, winimoves the cube to the right end of the
scene. With the help of driven keys, the desired behavioclgesed without a single conventional
key frame (see Figure 3.8). In an animation, standard keydsacan be used for the lever's rotation.
The position of the cube will update automatically.

(b)

Figure 3.8: The position of the cube's movement is prede aed based on a weighted connection
via driven keys. Turning the cone to the left in Figure 3.8¢@) move the cube to the left until it
reaches its nal position. Figure 3.8(b) shows the movenaéithe cube in the opposite direction by
turning the cone to the right.

A more complex example dealing with character animatiomgoout the advantages of driven
keys with respect to the user interface design of this theBisa typical production, a technical
director is responsible for creating the articulated madel single character, which can afterwards
be controlled intuitively by an animator. According to thederlying story board, each individual
character has a set of expressions that he must be able twrperfFor example, the character's
face could be able to smile and frown. The animator uses leiggi-parameters in order to control the
facial expressions directly. From the technical direstpoint of view, however, each facial expression
consists of a combination of multiple low-level parametiush as the activation of speci ¢ muscles,
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which are nothing but objects with an abundance of attrbuBenerating a smiling face, for example,
will involve the movement of the lips, the cheeks, the eysehdd the eyebrows, which are controlled
by different prede ned blend-shapes [RCBO5]. Additiogalthe jaw, which is controlled by the
kinematic skeleton, will open slightly and wrinkles will tme visible on the forehead, which may
be displayed by textures and bump maps. Examples of blermmbshand corresponding expressions
are shown in Figure 3.9. In order to provide intuitive cohtstbthe innumerable attributes for each
facial expression, the technical director compiles comatidms of the low-level parameters into high-
level parameters used by the animator with the help of drikeys. This way, the technical director
creates semantic parameters suchssite’ and “frown” and hides the complex setup of low-level
parameters from the animator.

(b)

Figure 3.9: The simple example in Figure 3.9(a) demonstratev blend shapes and driven keys
work in a basic muscle ex. Rotating the elbow in z-directimsults in a mighty and strong arm.
In character animation (Figure 3.9(b)), facial expressiare implemented by using prede ned blend
shapes in combination with kinematics and other deformatexhniques. The technical director
hides much of the complexity of low-level parameter assignnfrom the animator by introducing an
additional level of abstraction.



Chapter 4

Semantic Transfer Function Models

This chapter summarizes the drawbacks of existing tratfigfetion design models and introduces a
new model based on semantics. The bene t of this techniqe&pesed later on and a formal model
is developed.

4.1 Transfer Function Parameters

The automatic and the semi-automatic design of transfectifums in the eld of data-driven and
image-driven techniques (see chapter 2) are still topicactife research. However, the most fre-
quently used way of transfer function adjustment is the rabwisual editing of the transfer function
[RS02]. As already described in the previous chapter, teafisnctions are usually stored and applied
as color tables. Current implementations of color tabl¢oeslivary in the representation and in the
degrees of freedom for the transfer function. A simple ustarface of transfer function adjustment is
shown in Figure 4./1. Each of the RGBA channels can be adjss&tpdrately referring to a histogram
which is displayed in the background of the editor. Finalg arranged intensities are mapped to an
1D array of RGBA quadruples, which the lookup table is cdimgisof.

Color Compaonent
Red

Green
Elue

Alpha

Luminance

Intengity

“oxel Tag

Figure 4.1: Editor for the adjustment of a 1D transfer fumeti A separate editing of each of the
RGBA channels provides high degrees of freedom.

20
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Finding appropriate transfer functions that lead to a éesimage is a tedious and time consuming
process of the manual tweaking of parameters. The higheddhjeces of freedom of the transfer
function adjustment, the more it is dif cult to accomplisbag renderings. While adding dimensions
to the transfer function enhances the ability to isolatéufiess of interest in a dataset (see section 3.2),
it tends to make the space of the transfer function, whickealy is not intuitive, even more dif cult
to navigate. It would be helpful for researchers to use sietbleditors which could be handled
intuitively and fast.

The modern user interfaces for transfer function speciarabften provide an additional layer
of abstraction by introducing simple shapes as primitivieatls such as boxes, ramps or trapezoids.
Examples of primitives in case of 2D transfer functions ampoloid shapes introduced by Vega et
al. [HST' 04] and trapezoids suggested by Kniss et al. [KKHO1]. Défartypes of user interfaces
for 1D and 2D transfer functions are shown in Figure 4.2.

Editor Propeities Models | Primtives | Attributes

Main | Trapezoid Colors | Colorbars | *

Configure transfer function

Current Model
CT Angiography

— add Trapezaid Awailable Models
00_CT4_Bone
temove trapezoid 00_CTA_Brain
00_CTA_Skin
Currenl t hapezoid 00_CTA_Vessels
Merge Result: Transfer Function
—— use own colors CT Angiography]
_— e 9 L
- DTO well formed CT Angiography
[ simple made \\ ""-.___ MF Brain [preoperative]
17.05 2047 2388 2730 [ inverted mode | . ~ g Default

activelMode

id number; 2

% ~, B e, Default Semantic Sampls
B . ° g |
1 A e —
S @ A Add Mods]

(©)

Figure 4.2: User interfaces for transfer function assigmmEigure 4.2(a) shows a 1D transfer func-
tion editor which supports ramps and trapezoids. Diffetgmés of primitive shapes are supported by
the 2D editor of Figure 4.2(b). It shows a template used fod@fd. The direct manipulation widgets

presented by Kniss et al. are visible in Figure 4.2(c).

Regardless of its individual representation and its dirmeragity, a transfer function can be con-
sidered simply as a collection of parameters. At the lowaatllof abstraction, a transfer function may
be implemented as a simple lookup table with each entry gtétile referring to a separate parameter.
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With respect to an additional abstraction layer which usasifive shapes to adjust the transfer func-
tion, each primitive has a set of parameters such as positidrcontrol points, and color and opacity
values. Modifying the primitive's shape results in a partanehange which directly in uences the
transfer function. Table 4.1 lists some examples of pararsetf a quadrilateral primitive.

‘ Number ‘ Name Description
1 POINTLX position of point 1 inx-direction
2 POINTLY position of point 1 iny-direction
3 POINT2X position of point 2 inx-direction
4 POINT2Y position of point 2 iny-direction
5 POINT3X position of point 3 inx-direction
6 POINT3Y position of point 3 iny-direction
7 POINT4X position of point 4 inx-direction
8 POINT4Y position of point 5 iny-direction
9 COLORRED value of color channel red
10 COLORGREEN | value of color channel green
11 COLORBLUE value of color channel blue
12 OPACITY the primitive's opacity

Table 4.1: A few parameters of a quadrilateral primitiveghsas position, color and opacity parame-
ters. Changing the parameters (i.e. modifying the shapegtti in uences the transfer function.

Figure 4.3 illustrates a change of a quadrilateral param8tefting point 3 will result in a change
of the parameter numbers 5 and 6 according to table 4.1. $restample, the point is moved to the
right. This movement responds to the x-direction and refiensarameter number 5. Some of the
primitive's inner points are also effected by this pointfstwhich is explained in detail in chapter 6.

A single transfer function can be de ned by multiple and vas primitives. Most implemen-
tations convert primitives into a color table representatbefore rendering. As an alternative, (if
programmable graphics hardware is used) transfer furetian be speci ed procedurally and eval-
uated at run-time, like the multi-dimensional Gaussiamftives proposed by Kniss et al. [KP03,
EWRS 06]. Independent of the kind of abstraction layer or numtepronitives, the parameters
which represent an individual transfer function can be isp@@s an array oh oating point values
p:

P = (Po; P1; P2; %5 pn 1) 2 R™ (4.1)
For instance, if a transfer function would consist of a qilatral primitive, the array of equation 4.1
would be lled with values of parameters listed in table 4.1.
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(a) (b)

Figure 4.3: A modi cation of the shape of a quadrilateralgiiie 4.3(a) shows the primitive before
moving point 3 to the right. Figure 4.3(b) illustrates thewshape after the change of parameters.

4.2 Semantic Parameters

Kniss et al. describe in [KKHO05] a typical session of cregtangood transfer function, which is a
natural process of exploration, speci cation and re nemefxploration is the procedure by which a
user familiarizes himself or herself with the dataset. Dgithe speci cation stage, the user creates a
rough draft of the desired transfer function. In the systeictv Kniss et al. use, features of interest
can be added to the transfer function independent of fuitivesstigation of the volume. In the last
step, the user can re ne the transfer function by manipoagationtrol points of the primitives. Finally,
this is an iterative process. The users continue the exlarspeci cation and re nement steps until
they are satis ed with the fact that all features of interast visualized. For a non-expert user this is
a extremely dif cult, time consuming task to obtain goodiséer functions.

In section 3.4, a concept (driven keys) is described whildwal the user to control an enormous
number of attributes easily by introducing an additiongklaof abstraction. In computer animation,
for instance, the technical director creates semantiompeters such asmileor frown, and hides the
complex setup of low-level parameters from the animatorul@dhe draft of computer animation
described above be adapted to the task of de ning a new &afighction model? The basic idea is
that the visualization expert, who is familiar with all therpmeters involved in image design, will play
the role of the technical director transferred from the eldcomputer animation. If you introduce
semantic parameters as an additional abstraction layeder o control the transfer function, this
may simplify the process of nding features of interest ie thataset for a non-expert client.

For example, a semantic parameter like “Brain Visibilityaynbe useful for a transfer function
model to visualize the brain's structures in a CTA datasiguifé 4.4 illustrates the behavior of such a
semantic parameter. A simple slider or spin-box can be Ugeadjust the values. In correspondence
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to low-level parameters such as the activation of speci csofes in facial animation, the low-level
parameters in transfer function design are the values ohtita/p, which represents an individual
transfer function.

Smile 0.2

= Brain
Visibiiy 0

(b)

Figure 4.4: Semantic parameters as an additional abstnaetyer. In Figure 4.4(a) the smile of the

character is controlled by a semantic parameter. The hifjigevalue, the more distinctive the smile.

The pictures from the left to the right show an increasingi@alFigure 4.4(b): The technique of an

additional abstraction layer is adapted to the transfectfan design. A slider controls the value of

the brain's visibility in a CTA dataset. An increasing vallgads to a more opaque brain structure
(pictures from the left to the right).

The approach of this thesis deals with an effective tectenityat is developed to hide the com-
plexity of parameter assignment from the non-expert clista basis for implementing semantics in
the new transfer function model, a set of semantic paramster

s = (so; S1; S2; 1115 St 1) 2 RY; (4.2)

is introduced. The number of semantic parameteavgl usually be signi cantly smaller than the
number of low-level parameters of which a transfer function is composed, although this isano
necessary condition.
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4.3 In uence and Key Concept

Each of the semantic parameter®? R introduced in the previous section has an in uence on the
vector of low-level parameters. The in uenceq(s) is de ned as the functiom(s) : R 7! R" and
the nal n-dimensional low-level parameter vectoris computed by summing up the in uences of
all semantic parameters

X 1

p=1f(s) = a(si): (4.3)
i=0
A simple example of a quadrilateral primitive is given in &ig 4.5, which forms a transfer func-

tion that consists of three semantic parameters. In genalfunctionf : R' 7! R" that maps
semantic parameters to a transfer function can be an aybitnaction. The sum is chosen to keep the
model intuitively understandable.

g(s)) = ( 024 021 011 071 08 065 042 016 0O O O O )
gsy) = ( 0O O O O O O O 0 02 02 0 0 )
9s2) = ( 0 O O O O O O O O 0 0 075 )
p = ( 024 021 011 071 08 065 042 016 02 02 0 075 )

# # # # # # # # # # # #
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Figure 4.5: Parameters of a transfer function. The gureesents a transfer function which consists
of a quadrilateral primitive. The order of the parameteitsansferred from table 4.1. The parameter
arrayp consists of the sum of all in uences(s). The in uence vectoilg(syg) is responsible for the
primitive's shape, whereag(s;) manipulates the color angl(s,) controls the primitive's opacity
value.

Similar to the driven keys described in section 3.4, whiehuaed to weight a connection between
various attributes, the in uence of a semantic paramgter speci ed by a variable set of keys; ¢;)
and by step-by-step linear interpolation

8
% (=) o+ (2—2)@1; for o si< 1
_ (D)@ +(2—2)8  for 1 si<
q(Si)_é _
(

kK__Si Si k 1 . )
D& 1t (— b for w1 s o«

with q( j) = ¢;. Because of the interpolation between in uences speci gkbys, at least two
keys are necessary to compute a valid in ueggs;).
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With some effort it might be possible for an experienced tsspecify the keys for a given dataset
manually, like the direct in uence of the semantic paramétasibility” on the opacity of a single
transfer function primitive. In Figure 4.6, this simpleatbnship is demonstrated: the adjustment of
the slider of Figure 4.4(b) to a value 075 will result in the in uenceq(s,) presented in Figure 4.5,
for example. In more complex relationships, more soplagdid techniques must be used to nd
appropriate keys that yield the desired visual results.

s = 0:75

o = 0:0 Go = (0 0 O0O0O0OO0OO0OOTUO0OOO O0O )

1 =10 1 = (0 0 O0O0O0OO0ODO0ODO0OO0OO0OO0O 1T )
g(sp)) = (0 0 O OOO OOOO O 075 )

*

ALIOVdO

Figure 4.6: An example of keys and in uences. The semantrarpatervisibility s, has the value
0:75. With the help of keys (p =0 and ; = 1) and their in uence vectorgip andg 1) the in uence
q(s2) is computed. The result is based on linear interpolation.

The semantic models which this thesis is about, howeveyldhmt only function with regard
to one speci ¢ dataset. Instead, a semantic model will beld@ed which is applicable to different
datasets. It is required that the datasets have been recaittea similar tomographic sequence and
with the same examination purpose in mind. This applies tstrewamination procedures in medical
routine. Some examples will be shown in chapter 7.



Chapter 5

Design of Semantic Models

The previous chapter has shown that the concept of compuoieration is capable of developing
semantic transfer function models. A technigue has stibdgcelaborated which is able to generate
semantic models for more complex relations regarding atearfiunction and different datasets. Now
section 5.3 describes how this problem can be solved eftliamth PCA. The chapter closes with a
section about creating additional semantics.

During this chapter, primitives objects are used to adapicsires of the datasets, but nally,
chapter 6 contains a detailed description of the primitipesperties and features.

5.1 Principles

Before starting the implementation of the semantic modtiel eixpert-user who will design the model
should talk in detail about the relevant datasets' strestwof interest the client-user wants to have
visualized. Furthermore, the required semantic paramétere to be de ned. It is a challenge to nd
an appropriate set of weights which yield the desired reghén the semantic parameters are nally
used to instantiate the transfer function according to &guid.3.

(a) (b) (c) (d)

Figure 5.1:Entitiesof a CTA dataset. In Figure 5.1(a) a combination of all refe\&ructures of the
dataset is visualized. Each of the other images contaimgesstructure, such as bone (Figure 5.1(b)),
brain tissue (Figure 5.1(c)) and blood vessels (Figured$)1(

27
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Semantic Parameters ‘ ‘ Entities Groups

Brain Sharpness Brain Brain

Brain Visibility Bone Sharpness

Bone Color Skin Visibility

Skin Contrast Vessels Bone

Skin Color Color

Skin Sharpness Skin

Vessels Contrast Contrast
Color
Sharpness

Vessels

Contrast

Figure 5.2: An example of semantic parameters for a CTA datdde table on the left contains a list
of potential semantic parameters. All structures in whhah tiser is interested are listed in the table
in the middle. The table on the right groups all semantic patars under the entities they belong to.

It is assumed that you do not need a semantic model for eatidnal dataset, but instead of this
only one model is needed for similar datasets with the sameration purpose in mind, such as CTA
datasets, for instance. The basis of the approach of dagig®imantic models is a set of reference
datasets for each examination purpose. Ideally, this smildrstatistically represent the range of
possible datasets. In practice, however, this conditionheadly be veri ed and it is suggested to use
as many datasets of a speci c type as available.

The next step is to list all relevant structures containdthiéndata. Each of the structures is called
an “entity’. Please note that there is a difference between semantengders, such assibility or
color, and structures, such asneandskin To be more precise, semantic parameters are grouped
underentities Figure 5.1 displays a couple of entities of a CTA datasettvicdomprise skin, bone,
brain tissue and blood vessels. In Figure 5.2, the relaticsemantic parameters is illustrated in an
example.

Each entity is represented by one or more primitives thesferfunction consists of. Based on
these primitives, a transfer function model is created Wwisaused as a template for manual adaption
and re nement. In the following step, the transfer functtemplate has to be adjusted to all reference
datasets. Each of the reference datasets is loaded oneadtitrer into the volume renderer. The
data values in the datasets are slightly different and tee interface for primitives is used to adapt
the transfer function model to each individual dataset.idstance vectofor each reference dataset
is obtained by this adaption. The set of instance vectors:édyaed in order to create semantic
parameters by using PCA for nding similarities to approxima the vectors in a lower-dimensional
subspace. The following sections describe the processmfitédée creation and adaption in detail, as
well as computing semantic in uence vectors and creatirdjtemhal semantic parameters.
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5.2 Template Creation and Adaption

As already explained before, each entity is representedchbyoomore primitives with a set of primi-
tive parameters

prim = (primg; primq; primy; :::; primg 1): (5.1)

One of the reference datasets is loaded into the system ém tedreate a transfer function tem-
plate. As many primitives objects as needed are added toahsfér function and their parameters
are concatenated. A quadrilateral primitive, for examplsg = 12 parameters (see section 4.5). A
transfer functiorp which contains two of the primitives (for every entity a segia primitive) is then
speci ed as an array af = g+ g =24 elements and is de ned as

(Po; P1; P2; %5 Pn 1)

(PriM enitys 5 PAM entiy2 )

(Prim eniy1 05 =25 PriM entity1 11 ; PriM entiy2 05 =75 PrimM entiy2 11 ) (5.2)

©
1 |

As it has already been pointed out, modifying the shape gbtimeitives results in a parameter change
and directly in uences the transfer function.

\
. LAY

(@) (b)

(©) (d)

Figure 5.3: The process of aligning a primitive to the suoes of the dataset. The movement of
the position of the quadrilateral primitive as shown in Fegi5.3(a) and 5.3(b) results in a better
rendering of the blood vessels. In Figure 5.3(c), some péitse vessels are missing. The position of
the primitive in Figure 5.3(b) approximates the blood véssea better way, as shown in Figure 5.3(d).
A part of the histogram scatterplot is visible in the backgyd of the primitive editor.

All primitives are aligned to the structures of the dataseg@od as possible in order to achieve
the desired visual result. Figure 5.3 illustrates the pdace of nding a good transfer function which
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approximates the blood vessels. The process of moving freapate primitive just a small distance
into another direction visualizes the vessels in a bettgtr WaFigure 5.4, two primitivesgrim ,gne
andprim <5l are arranged as good as possible to achieve a good transtgioh. It is a tedious
and time consuming process of manual tweaking of paramigtatign the primitives to the structures
of the dataset.

i

(a) (b)

Figure 5.4: A transfer function showing bone and vesselse fBu quadrilateral primitive in Fig-
ure 5.4(a) represents the vessels entity. The large whiit@tiwe covers the data of the bone. Fig-
ure 5.4(b) displays the rendered image based on the trensifeion.

In order to create a transfer function template which carda@®ed to other datasets, all primitives
have to be aligned to the datasets in the best possible waglén to visualize the structures described
in the entities. The template is now available for the refeeedatasets.

In the next step, the template has to be adjusted to the nefedatasets. The justi cation to an
individual dataset requires a modi cation of the undertyprimitives, as the structures in the datasets
are slightly different for each dataset. The scatterpla bistogram is helpful in order to identify the
differences in the structures. Often only a small numberaodmeters is affected by the justi cation.
Finally, after having made manual adaption and re nememinatance of the parameter vecpmrof
the transfer function for each reference datadstobtained. The scheme in Figure 5.5 resumes the
process of template creation and adaption. These modbestihowever, will most likely not affect
all of the low-level parameters the transfer function cstssof. In many cases, only a limited subset
of parameters is involved in the modi cation.

5.3 Data Approximation

As already mentioned in the previous section, only a smatilmer of parameters has to be adjusted
to achieve good transfer functions. In addition to this, tiedi ed parameters are usually highly
correlated. PCA can be used to approximate the data of &afgfctions in a lower-dimensional
subspace in order to take advantage of the correlation ketéie different data.
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- - Primitve;, ———u—
List all List all Create Transfer

Semantic Parameters P Entities > Primitve; _—— Function Template

e

Primitve,

) Reference
/ Transfer Function, | «——— Dataset,
Approximate . Reference v
. Transfer Function
Transfer Function ! Dataset, Adapt Transfer
Parameters Function Template
) Reference
Transfer Function ‘ Dataset,,, |

Figure 5.5: The process of template creation and adaptibe.prameters of the instance vectors can
be approximated with PCA, for example.

In section 3.3, the PCA theory is brie y described. Eachanse of the parameter vectgrscan
be interpreted as a point sample in thdimensional low-level parameter domain of the transfacfu
tion. Please remember that a transfer funcpas speci ed as an array af values. The components
of the instance vectq; are interpreted as random variables with Gaussian pratyathistributions
in order to apply PCA. If you assume thatreference datasets are available, thremstance vectors

instance vectop; for each reference datasetAccording to section 3.3, the matrix of all input vectors
can be written as

2 3
Pol0] pm 1[0]
pO[n 1] Pm 1[n 1]
= [po; P1; P2; i Pm a1l (5.3)

The vector of mean valups is approximated by averaging the instance vecmranalogously to
equation 3.6. The symmetric and positive semide nite ciarare matrix can be computed like in
eqguation 3.10 )

Cp= ———DD T (5.4)
with D being the mean-deviated representation of the méatriaf input vectors. As a result, the
possible range of data is approximated in a lower-dimesisnbspace, if the instance vectors are
represented by only a few principal components. The quafisuch an approximation is determined
by the importance of the respective eigenvalugs The importance of a component axis can be
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determined by dividing the eigenvalug by the sum of eigenvalues

()= P (5.5)
j=0 |

Principal components with an importance of a value whichidse to zero can be safely omit-
ted without a signi cant loss in accuracy. The goal is to u§®ARo determine a single parameter
axis in the low-level parameter space based on the refedatesets. This axis will approximate the
modi cations of the transfer function template to the paeden vectomp. The importance of the rst
principal component is usually close to 1.0 throughout ttpeeaments, which means that the approx-
imation error can be neglected. Reducing the data to a sixigfacilitates the transfer function to be
controlled by only one semantic parameter. In the followihgs semantic parameter is callegidapt
templaté since it adjusts the transfer function's primitives to ttiataset. In practice, splitting the
instance vectors into groups of primitives which, aftemigedapted to all reference datasets, belong
to the same entity may result in transfer functions easieofe with. PCA will then be performed
separately for each grotifsee section 7).

Each semantic parameter can be represented by a spin-bsimgl@slider in the user interface.
A non-expert user is able to interact with the semantic patars, and this process adapts the transfer
function to its individual dataset without any knowledg@abthe underlying transfer function model.
Allinstance vectorp; are projected on the axis spanned by the rst principal camepteg in order to
determine the minimum and maximum values of the semantanpater. This is done by computing
then-dimensional dot product

i=¢€ (Pi p): (5.6)

The in uence vectors, which have been introduced in seclichand which are speci ed by a
variable set of key$ j @;), then can be computed by

0:0; o =p +min( i) eo;

o
I

1:0; 1 =p +max( i) eo:

=
I

The values for the keysg and 1 can be chosen arbitrarily, since they determine the randheof
semantic parameter. Please remember that with the helpysftke in uenceq(s) of the semantic
parametes is computed on the basis of linear interpolation.

!Since the adapt template parameter only affects the paessnet the primitives which change the shape, all other
parameter values such as opacity can be dewtoile applying PCA to the instance vectors. Additional saetitgparameters
can control these parameters separately (see section 5.4).
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5.4 Additional Semantics

The semantic parametadapt templateffers the possibility to visualize structures of an unknow

dataset in a very fast and effective way. Therefore, the kimgaof just one parameter allows the user
to nd an appropriate transfer function for a speci ¢ taskn#odi cation of the semantic parameter's

value results in a change of the low-level parameters of titerlying transfer function as well as

of the primitives' shape. Usually the primitives which arentained in the transfer function have
much more parameters than those which control the shapdafsiee4.1, numbers 1-8). Semantic
parameters can be applied to all parameters. The followgatms give an insight into the creation
of additional semantics.

5.4.1 Visibility

A simple example in Figure 4.6 computes an in uence vectotttie semantic parametevisibility”
exclusively based on the interpolation of the opacity pat@mof the primitive. Turning down the
opacity will cause a rather homogeneous structure to sleahjsh. In many cases, however, it is
desirable to turn down opacity for low gradients rst. Thidlwehange a previously opaque structure
into a transparent shell before it nally completely disapps. Such a behavior can be implemented
by including more than just the opacity parameter for indéafion and by using multiple keys for a
semantic parameter.

5.4.1.1 Manual Approach

The rst approach, which describes the manual implemesnadif the list of keys, is a fast and easy
way to achieve the desired effect. The starting point is #teo$ parameter®opaque Which only

in uences the visibility of the entity's primitive in suchwaay that the structure of interest is opaque.
In order to nd a transfer functiopghe Which ful lls the desired request of fading out the struasr
of interest in a homogeneous region rst, the primitive haghange its shape in a way in which it
does no longer cover any lower gradients.

This is achieved in a 2D primitive editor by shifting the paeters which control the lower part
of the primitive in the direction of the higher gradients. elinansparency of the structure, which is
controlled by a parameter vectpfansparent , increases simultaneously. Due to the set of parameters
Pinvisible the entity nally disappears entirely. Finally, the keys Bosemantic visibility parameter can
be de ned by:

0:0; %o
1 = 05 41 Pshell T Ptransparent ;

2 = 1:0; 42 = Popague :

Pshell + Pinvisible ;

o
I
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Figure 5.6: The impact of the semantic parameisibility on the primitive. Figures 5.6(a) and 5.6(b)
demonstrate the behavior of the primitive for turning dowa semantic parameter. The poifitand

4 move up in the direction of higher gradient values and theajpisie vanishes slowly. Decreasing the
value affects the primitive's opacity parameter and caitdesdisappear (Figure 5.6(c)).

In Figure 5.6, the outcome of turning down the parameisibility is shown. The primitive be-
comes more transparent and its shape contracts while thenpter changes. In the next step, the
primitive starts to disappear completely. An example ofyad@n guration of the visibility parameter
can be seen in Figure 5.7. The values are based on an adapatemgrameter, which adjusts the
primitive's shape to the basic structures of the datasetaBse of summing up all semantic param-
eters, the adapt template parameter provides the prirsitdasic shape and the visibility parameter
can in uence the primitive in the desired way.

s =10
o = 0:0 o = (001 00 O0OOOO1L O OO 0 )
1 =05 &1 = (0 01 00 OO O 01 0 O O 065 )
2 = 1:0 G- = (0 0 0O0OOO O OO0OO 1)
gs) = ( 0 0 0 O OOO O OOO 1 )
# # #

ATINIOd

AVLINIOd

ALIOVdO

Figure 5.7: A more complex example of keys with regard to #raantic visibility parametes. The

y-coordinates of the points and4 increase between the keys and , when it is assumed that the
default coordinate system for primitives has its origin@jn the bottom-left corner, and the value
of the opacity parameter decreases slowlys i§ between ¢ and 1, the position parameters do no
longer vary, only the opacity parameter does. The in uenegtorq(s) is calculated fos = 1:0, and

this results in a completely opaque structure.

Please pay attention to the physical accuracy of this tgcleniThe way how the primitive's lower
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points in the direction of the higher gradients are movedaiseldd on experience. It is suggested to
perform a step-by-step adjustment of the primitive's shafik respect to the desired optical effects
in order to design a visibility parameter that refers to teference datasets more accurately. This
method is described in the following.

5.4.1.2 Mean Value Approach

This approach considers the speci c structures containeach reference dataset. First, the semantic
parameteradapt templatds used to yield the best visual results for the structuremtefest. This
results in a vectoppasei for each dataset These vectors can be modi ed to adapt the desired effects
of a visibility parameter, which results in a veciokqustedvisibiity i;j for each datasetand each
stepj . It is important to proceed step-by-step, as the primisivaiape should adapt the structures in
the dataset as close as possible. With each step the pamdixers less of the lower gradients and is
more transparent. The difference vectors

visibility i;j = PAdjustedvisibility i:j  Pbasei (5.7)
are calculated next. The mean values are calculated foiff@iehce vectors of a mutual st¢p

1 X1

visibily j = visibility i - (5.8)
i=0

A vector \isibility j IS obtained for each step, and this leads to a semantic pteewrssbility with the
following keys, which are based dnsteps:

o= 0:0; Qo = \isibilityo
1= 10; G1 = \isiility1
(5.9)
k1= (k L0); Gk 1 = visiilty k 1:

5.4.2 Color

The semantic parametecdlor’ enables the user to change the color of an entity. This isesed
by affecting the color parameters of all primitives whicHdogy to the same entity. The semantic
parameter is used to control a range of color values. Theave izeed to apply PCA to any instance
vectors, since the keysj(,&; ) are de ned manually. The step-by-step linear interpolatf colors is
given by the low-level parameter vect@gor ; for each coloj . Thus, the semantic parametaior
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is de ned by the following keys:

o = 0:0; 41 = Pcoloro ;
1 = 1:0; 41 = Pcolort;
k1= k 10; Gk 1 = Pcolork 1°:

The parameters COLORED, COLORGREEN and COLOBBLUE control the color of a quadri-
lateral primitive (see table 4.1), for instance. Figure iutrates a simple example of de ning the
semantic parameteolor.

s =65

o = 0:0 6o = (0 000 O0OO0OO0ODO0OO0ODO0O O O0)
1 =10 61 = (0 000 OO0OO0ODOOO0OD 1T 0)
2 = 20 (o3 = (0 000 OOO0ODODOTZ 1I 0 0)
3 = 3:0 63 = (0 00 O0O0OO0ODO0ODO0ODO0ODTI11I 1 0)
4 = 4:0 G4 = (0 00 O0O0OO0OO0ODO0ODT1IO0 0 0)
5 = 5:0 6s = (0 00 O0OOO0ODODTI1O0 1 0)
6 = 6:0 b6 = (0 00 O0O0OOO0ODODTI1I1 0 0)
7 =70 G- = (0 00 O0O0OO0OO0ODO0ODT1T12 1 0)
qgs) = ( 0 0 0 0O OO OO 1 1 05 0)

# # #

8 8 8

Figure 5.8: Keys for the semantic parametetor. A range of colors of the RGB color space is
covered by the prede ned in uenceg(s) is the result of the linear interpolation between keys- 6
and 7 =7 for s = 6:5. This leads to the coldight yellow(1; 1; 0:5).

The colors used in the keys of the example in Figure 5.8 ataliized in Figure 5.9. If the value
of the semantic parameterss= 6:5, then the interpolation takes place between the kgys 6 and
7 =7 and this results in the RGB coltight yellow.

O, o, o, A o, O O o,

Figure 5.9: Interpolation of colors. The palette of colarfabeled with the keys de ned in Figure 5.8.
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In chapter 6, a more user-friendly implementation of colemdion for entities is introduced,
which differs from the separate linear interpolation of key

5.4.3 Contrast

In order to create a semantic parameter which controls theasi between different entities, a proce-
dure similar to the one described in section 5.2 has to bdase@. This additional semantic parame-
ter has to be speci ed with respect to the adapt templatenpeter because of the sum in equation 4.3.
Two methods of de ning the semantic parameteotitrast are described in the following sections.

5.4.3.1 Mean Value Approach

Therefore, a transfer function model has to be adapted tefallence datasets. Instead of creating a
template from scratch and adapting each parameter to abelat manually, the semantic parameter
adapt templatenay be used. Its value has to be adjusted to the best visaat efforder to identify the
speci ¢ structures of the datasets. This results in a vagtaf low-level parameters for each reference
dataset. The calculation of keys is performed in two steps. At rsétmodi cations are applied to
the primitives that are necessary to increase the conffai.results in a vectg®contrast+ i for each
dataset. A couple of actions exist that are capable of isargahe contrast between entities. For
example, the brightness of the colors can be modi ed. Anglessibility is to edit the opacity slopes
at the borders of the primitive. Table 5.1 lists four moregoaeters which belong to a quadrilateral
primitive.

Number | Name Description ‘

13 SLOPEBORDER12| opacity slope at border (points 1 and [2)
14 SLOPEBORDER23| opacity slope at border (points 2 and [3)
15 SLOPEBORDER34| opacity slope at border (points 3 and |4)
16 SLOPEBORDERA41| opacity slope at border (points 4 and 1)

Table 5.1: Additional parameters of a quadrilateral priveit Changing the parameters directly in u-
ences the opacity slope at the primitive's borders. Passiglues ar€ = no blendingto 1= maximum
blending distanceanging from the border to the core of the primitive.

After that, this step is repeated, but this time the veqQfsrast i contain the decreased contrast
parameters for each dataset. Finally, the difference w&cto

contrast+ i = Pecontrast+ i Bi (5.10)

contrast i = Pecontrast i Bi (5.11)
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and their respective mean values

r)(l

contrast+ —

1

m contrast+ i (5.12)
i=0

are calculated (and analogously also fghrast ). In the following, the semantic parametamtrast

is de ned with three keys:

0= 1.0; G0 = contrast
1 = 0:0; 41 = 0;
2> = 1:0; G2 =  contrast+ -

5.4.3.2 PCA Approach

Please note that the values in section 5.4.3.1 are compately ®n the mean values of instance
vectors. The method of applying PCA to all instances of diffee vectors is a more accurate method.
Similar to section 5.3 about data approximation, PCA candaslio extract a single parameter axis
in the low-level parameter space of albntrast+ i as Well as conrast i Vectors. The computation
of the keys differs from the proceeding of the adapt tempbaiameter. All vectorScontrast+ i are
projected on the axis spanned by the rst componefnin order to determine the minimum and
maximum values.

contrast+ i — €0 ( contrast+ i contrast+ ) (5-13)

( contrast i IS calculated analogously). The keys and prede ned in uerectors are then computed
by

0= 1.0; G0 = conrast T MIN( contrast i) €o;
1 = 0:0; 41 = 0;
2 = 1:0; &2 = contrast+ T MaxX( contrast+ i) €o:

5.4.4 Sharpness

Sometimes it is desired to manipulate the sharpness ofrietates contained in the dataset. There-
fore, the visualized entities are enhanced or dampenedsdmantic parametesharpness which
is able to handle such a justi cation, can be implementedffier@nt ways.

5.4.4.1 Manual Approach

This approach describes the manual implementation of k&ygector psharpness+, Which enhances
the structures of interest, is de ned, as well as a vept@krpness » Which decreases the sharpness. A
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possible way to change the visual appearance in the reguastener is to modify the opacity slopes
at the border of a primitive (see table 5.1). Hence, the key#he semantic parametsharpnessare
de ned by

o= 10; G0 = Psharpness
1= 0:0; 4. = 0O;
2 = 1:0; G2 = Psharpness+ -

The impact of the modi cation of opacity slope parameterstioa primitive is shown in Fig-
ure 5.10. The more the sharpness value is increased, ther thesopacity slope control points move
to the outer border. The opposite happens while turning dtvrsemantic value: the control points
move to the interior of the shape.

@) (b) (c)

Figure 5.10: Quadrilateral primitive and opacity slopegmaeters. In Figure 5.10(a), all opacity slope
parameters are in a middle position. This is in contrast e 5.10(b), which contains all opacity

slope parameters of the value 0 (no blending) and to Figui&(&), which contains all opacity slope

parameters of the value 1.0 (maximum blending distance).

A sample con guration of keys of the paramestrarpnesss shown in Figure 5.11. The meaning
of the values is explained in table 5.1. The resulting loweleector of the sharpness parameter has to
be considered with respect to the in uence vector based ewtitput of an adapt template parameter
which controls the primitive's basic shape, since the magunction of equation 4.3 sums up the
in uences of all semantic parameters.

Again, this solution is not based on the individual struetuof each reference dataset. The quality
of the result depends strongly on the outcome of the adaptlteenparameter. For example, if the
structures are already enhanced to a great extend by thef opadity slope parameters, then it is
hardly possible to use the sharpness parameter to shagentity's structure even more, although it
may be a value which still should have the possibility to emgsor to dampen the structure.
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s =05
o= 10 o = (0 0 0 0O 0O 05 0.5 0.5 05 )
1 = 0:0 1 = (O 0O 000 oO 0 0 0o )
o= 1:0 é- = (0 0O 000 -05 -05 -05 -05 )
g(s) = ( O 0O 0 0 0 -025 -0.25 -0.25 -0.25 )
# # # #
B B B B
2 8 2 8

Figure 5.11: Keys for the semantic paramestiearpnessThe vector(s) of the sharpness parameter

has to be considered with respect to the in uence vectordasdhe output of an adapt template pa-

rameter. In this example, the opacity slope parametersdieed, which leads to a rather sharpened
structure.

5.4.4.2 Mean Value Approach

The second approach is similar to the one described in se6tib3.1, which concerns the semantic
parametecontrast It takes all reference datasets into account.

The adapt template parameter adapts the transfer functignad as possible, and this results in
a vectorp; of low-level parameters for each reference datasén the next step, modi cations are
applied to the primitive in order to enhance the structufesterest. For example, these modi cations
are realized by adapting the opacity slopes, and this lendsvectorpsharpness+ i for each dataset.
This step is also accomplished for vect@harpness i, Which contain the variants of the structures
which are less sharp. The next step is the calculation ofiffexehce vectors

sharpness+i = Psharpness+i  Bi (5.14)

sharpness i = Psharpness i Bi (5.15)

and nally, their respective mean values are computed by

1 X!
sharpness+ i - (5.16)
i=0

sharpness+ —

The computation has to be repeated analogously JQipness - According to this approach, the
con guration of keys for the semantic paramesdrarpnesswhich is calculated with mean values,



CHAPTER 5. DESIGN OF SEMANTIC MODELS 41

reads as follows:

o= 10; G0 = sharpness
1 = 0:0; 4, = 0;
2 = 1:0; G2 = sharpness+ :

In addition to the techniques of de ning keys for a sharpnemsmeter, which have already been
introduced, an approach based on PCA would be also po&sible

5.4.5 Discussion

In this section, the design of additional semantics suchisibility, color, contrastand sharpness
is proposed. Most of the semantics can be implemented in rddfgyent ways. The process of
differentiating manual key constructions and of applyif@APto instance vectors, as well as keys
based on mean values referring to all reference datasktesalt in different accuracies concerning
the adaption of the underlying transfer function to the fiadties of each dataset.

In addition to this, there may be different modi cations ketprimitives that yield similar results.
In order to decrease the visibility of a structure, either tpacity value can be turned down or the
size of the primitives can be reduced, for instance. For#ason it is necessary to use similar actions
to achieve a speci c task for all reference datasets, ottsenthe calculation of the nal low-level
parameter vector will fail when summing up each in uence gemantic parameter.

2The approach of using PCA to calculate the keys of the sempatametesharpnessvould be similar to the solution
demonstrated in section 5.4.3.2.



Chapter 6

Implementation

For the development and testing of semantic transfer fonatiodels, a framework is necessary that
can be used for input, output, user interaction, and thealimation of the data. As semantic models
are closely connected to traditional transfer function elsduser interfaces for 1D and 2D transfer
functions are needed as well as an interface for the remotectof the transfer functions. In addition
to this, the rendering system should be able to handle voliso@lization with interactive frame rates
on general purpose hardware. An implementation of a semtratisfer function model software has
been realized within the scope of this diploma thesis.

In this chapter, OpenQVis - a framework which provides methods for interactive higlmality
volume visualization on general purpose hardware - is ptede The aim of this rendering system
is to achieve high image quality comparable to traditiorgtcasting solutions at interactive frame
rates on inexpensive hardware platforms. The frameworkokas extended with different transfer
function editors, including the high-level user interfdmsed on semantic transfer function models.

Section 6.1 presents an overview of the core architectudedascribes the main features of the
system. Later on, the traditional transfer function editand the new semantic editor are introduced.

6.1 Architecture

The purpose of the OpenQVis systei® to provide a volume rendering environment which achieves
high image quality and interactive frame rates. The progsabased on a volume rendering system
which uses the graphics processing unit (GPU) for rendeziggrithms. The system is implemented
in C++ and OpenGL. Rendering techniques are supported fegaboth 3D texture slicing and 2D
multi-texture based rendering. OpenQVis is programmedsinygthe following three components: Qt
= a cross-platform C++ development library, Coin3d = a Higrel 3D graphics toolkit for developing
cross-platform real-time 3D visualization and visual diation software fully compatible with SGI's

The OpenQVis project was started in the year 2000 [RS02} fitde software and can be redistributed or modi ed
under the terms of the GNU General Public License as pulnliblgethe Free Software Foundation. For more information
please sehttp://openqvis.sourceforge.net
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Open Inventor, and SoQT = the interface between Qt and Coin3d
The transfer functions have been implemented with a progralofe graphics hardware and post-
interpolative 1D and 2D dependent texture lookups.

QTransferFunction2DPrimitives QTransferFunctionTable | [QTransferFunction1DPrimitives

+setParameters() : void
#initRenderTarget() : void
[

QTransFuncDatabase QTransferFunction SoVolume
+saveModel() : void \——*changed() : void +reload() : void
+loadModel() : void : +invalidate() : void 0.1 +getHistogram() : void
+savelnstance() : void k——-= #allocateData() : void - +updateColorTable() : void
+loadlnstance() : void #rebuildTable() : void +getVolumeSize() : void
+parseXML() : void #setupTransferFunction() : void
+createXML() : void K-————=—————--n
+createModel() : void
+createSemantic() : void

QTransFuncModel QSemanticModel Editors +activateProgram() : void

+deactivateProgram() : void

-m_bAutoUpdate : bool
+save() : void

I

i

: QCgShaderProgram
— |

|

I

I

I

I

I

I

+numParameters() : int +numParameters() : int

+numPrimitives() : int +parseXML() : void L —{+load() : void
+draw() : void +createXML() : void +apply() : void QVolumeEditor
+addPrimitive() : void +initialize() : void
+removePrimitive() : void +detach() : void
+attach() : void

LF

QTransferEditor1d QTransferEditor2d QSemanticsEditor
+addPrimitive() : void +modelSelectionChanged() : void
+removePrimitive() : void

Figure 6.1: An UML component diagram of the OpenQVis kerrehponents.

The core of the software is an open inventor node (SoVoluniégtwrealizes the volume render-
ing algorithms by using cg (c for graphics), a high-levelddrdanguage (QCgShaderProgram). The
system is extended with several kinds of transfer functieng., QTransferFunctions2DPrimitives).
These generate textures which are used by the renderingocemip Corresponding editors (QTrans-
ferEditorld, QTransferEditor2d, QSemanticsEditor) jlevappropriate user interfaces to control the
transfer functions. Each transfer function model (QTrameModel) adjusted by the user is man-
aged by a database (QTransFuncDatabase) which keeps tieésrogghnized and which can connect
transfer functions with a semantic model (QSemanticModa&luni ed modeling language (UML)
component diagram of the basic parts is shown in Figure 6He architecture of the program is
simpli ed and outlined in order to keep the model understbid.
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6.2 Traditional Transfer Functions and Editors

The rendering system supports different types of transifeetions. Since all transfer functions should
be relatively easy to handle for the user, the editors peopitdimitives that are more convenient to ad-
just than splines, curves, or lines separated by RGBA chsnHewever, the system can be extended
easily by implementing additional primitives in order toaptl the structures of the dataset as good
as possible. Various transfer functions and editors arsepted in the following sections. The 1D
transfer function is brie y described, whereas the 2D tfanfunction is discussed more detailed.

6.2.1 1D Transfer Functions

As already described in section 3.2, the easiest way to da @B transfer function is to determine
RGBA entries in a xed size 1D lookup table of the number oflac&alues. Instead of specifying the
entries manually, the transfer function can be modeled apergosition of separate primitive objects.
For that reason, the main bene t of primitive objects liesha signi cant reduction of the degrees of
freedom that the user must manage in order to establishabkuiransfer function.

The 1D transfer function is con gured in the 1D transfer ftion editor, which supports two basic
types of primitives, namely:

Trapezoids with 5 parameters: 2 values forxheoordinates of the lower vertices, 2 values for
the x-coordinates of the upper vertices, and one parameter éohéfght of the trapezoid. In
addition to this, 6 different RGB colors can be de ned forarohterpolation.

Ramps with 3 parameters: one value for ¥heoordinate of the lower vertex, one value for the
x-coordinate of the upper vertex, and one parameter for tlggnhef the ramp. The colors can
be adjusted by de ning 4 different RGB colors.

(a) (b)

Figure 6.2: 1D Primitive Editor. In Figure 6.2(a), the priimés on the left and in the middle are
trapezoids with different sizes, and the right primitivaiieamp. The interpolation of colors assigned
to the primitive is illustrated by theolorbar visible in the bottom edge in Figure 6.2(b).

Some primitive objects of 1D transfer functions are showRigure 6.2. All parameters, except
those for colors, can be modi ed by moving the handles mamkédgure 6.3. The primitive's position
and shape both specify the data that are assigned with culap@acity values. According to this, the
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range of values which is not covered by the primitive's disien is mapped to zero opacity, therefore
these values are not colored in the resulting image. The ewld opacity values are interpolated
linearly between the position parameters. It is possibldjast different shapes, which are useful to
meet a wide range of application scenarios.

opacity opacity
A A
éeé_ X 669 ______ $ _______
/A $ §\ Adjustment Adjustment /A A
/ \  Handles Handles /
/ \ /
/ N % 'Y )
> <> <>
4 4
s A‘\ /A
/ /
/ \ /
/ /
J Y /o
<> <O » <> »
> B <> B
‘ ' data value ‘ p /
Color Parameter / V\ Color Parameter ata value
Positions Positions

(a) (b)

Figure 6.3: Primitives for 1D transfer functions. In Figue3(a), a trapezoid is displayed and in
Figure 6.3(b) a ramp. The positions, where the colors ar@el and interpolated, are marked. The
red arrows indicate the directions of the control pointsicivlare movable by the user. They can be
translated in the directions of the arrowheads.

An arbitrary number of primitives can be added in order tordethe transfer function. Originally,
the trapezoid is placed in the center of the visible area efttansfer function editor and can be
converted easily to a simple ramp. The primitives are adbfiieghe data by moving the handles
as illustrated in Figure 6.3. Some restrictions are impleie because the creation of deformed
primitives should be avoided. Its components are movablg within a valid range. For example,
the height which de nes the opacity cannot become smalken ttero. Finally, the transfer function
editor offers a couple of ways to assign colors to scalaresal®n the one hand, colors can be applied
to the primitives; on the other hand, color tables can be ,usbith are already de ned and which
specify a RGB color for each scalar value. If colors and dataes are linked to each other and the
primitives' are used to determine opacity values, the ctdbtes are helpful to visualize the various
structures which the dataset contains.

6.2.2 2D Transfer Functions

In contrast to 1D transfer functions which classify a sanygised on a single scalar value, 2D transfer
functions allow a sample to be classi ed based on a comlmnabf values. These values are the
axes of a 2D transfer function. The gradient is a rst derxafor volume datasets based on scalar
values. As a vector, it points to the direction of the fastbsinge. The gradient magnitude is another
fundamental local property of a scalar eld, as it charaggs how fast values are changing (see
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section 3.2). By using gradient magnitude as a second dinreitss assumed that regions of change
tend to be regions of interest. This allows the structure @aifferentiated with varying opacity
or varying color, according to the magnitude of change. Traglignt values used in the system
are calculated with the help of a multi-level technique. lEklwvel is created by down-sampling the
previous level. The gradient magnitude is calculated fohdavel separately. After that, each level is
sampled up to the resolution of the previous level and isamed. This technique results in smooth
gradient data without the necessity of additional lItering

2D histograms are useful to adjust the transfer functiohécstructures of interest. In the scatter-
plot images, the data value and the gradient magnitude igreedlto the axes. As already pointed out
in section 3.2, the darkness in the scatterplots encodasuthber of hits for a given pair of gradient
magnitude and data value. Figure 6.4 illustrates the $jighifferent structures of the datasets which
are visualized in histograms.

(@) (b) (©) (d)

Figure 6.4: Histograms of CTA datasets. Various datasststria slightly different histograms which
are part of the primitive editor. A histogram of dataset CI2is shown in Figure 6.4(a), CTA2 in
Figure 6.4(b), CTA29 in Figure 6.4(c), and CTA8 in Figure 6.4(d).

With regard to the reduction of the degrees of freedom theatiffer must manage, the 1D approach
of using primitives also works in multi-dimensions, altigbwit is hard to nd adequate primitives. The
different types of 2D primitives supported by OpenQVis dreven in Figure 6.5 and comprise:

Quadrilaterals with 16 parameters: 8 values for tkig/J-coordinates of the four vertices, 4
parameters for the color and the opacity (RGBA) of the piimitand 4 parameters for the
opacity slopes at the borders.

Trapezoid primitives with 14 parameters: one value forxheosition of the base vertex, 4
values for thg(x; y)-coordinates of the two upper vertices, and one parametehéoshifting
the lower base line, as well as the parameters for RGBA anthéppacity slopes which are
the same as in the quadrilateral.

Parabolic primitives with 15 parameters: 6 parameterstfe(x; y)-coordinates of the control
points for the upper arc and one parameter for the lower indanwell as the parameters for
RGBA and for the opacity slopes which are the same as in tpewd primitive.
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@) (b) ()

Figure 6.5: 2D Primitive Editor. The primitives are coloradcording to the color parameters. Fig-
ure 6.5(a) shows a quadrilateral primitive, Figure 6.5(Ipaeaboloid primitive, and Figure 6.5(c) a
trapezoid primitive.
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Figure 6.6: Primitives for 2D transfer functions. The thprémitives are: a quadrilateral in Fig-
ure 6.6(a), a paraboloid in Figure 6.6(b), and a trapezokdare 6.6(c). The red arrows indicate the
directions of the movable control points.
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All parameters except those for RGBA can be modi ed by mowimg control points as shown in
Figure 6.6. The color is assigned to the entire primitive #nedopacity is interpolated linearly starting
from the primitive's border up to the opacity slope controirgs, whereas the maximum opacity value
is modi ed separately.

With the implementation of additional primitives, the st can be extended easily by deriving
from the base clas®Primitive which provides several interfaces which are responsibla fmonver-
sion to an XML le, the assignment of colors, and the drawirfgelements. It is possible to add as
many primitive objects as required to the scene in order taiolihe desired effect. Then, the 2D
transfer function table is generated by rendering the sbégwee primitives into an off-screen render
target. Finally, this is bound to a 2D dependent texture ébume rendering (see Figure 6.7). The cor-
rect composition of overlapping the primitives is impotitaim practice, the RGB values are blended
based on their opacities. Later on, a maximum operationed tscalculate the nal opacity value.

(@) (b)

Figure 6.7: An off screen render target which is bound to a 2petident texture for volume ren-
dering. Figure 6.7(a) shows a paraboloid and a trapezoiditire adjusted in the primitive editor.
Figure 6.7(b) displays the primitives directly renderetbian off-screen buffer, which will be bound
to a 2D dependent texture later on.

6.3 Transfer Function Designer

All transfer functions can be saved in an XML le format forrtber editing. Every change of the
primitives in the editors in uences its parameters and iectly mapped to the low-level parameters
which describe the transfer function. The le contains thetrelementModel which enables a reg-
istration by the database. Thus, the transfer function camptetely be restored. The le continues
by de ning the child elemenfiransferFunctionModelvhich includes an elemerRrimitives which
has an arbitrary number of sub elements, with each of thesioing a single primitive. The sub
elements which are available @@@ad2D Paraboloid2D andParaboloid2Dd These elements have an
attributenameand a child elemerfParametersontaining all low level parameters of the primitive.
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Listing 6.1 presents the code of a transfer function congjstf a trapezoid and a paraboloid
primitive. Please note that the elemdtarameterswith its values in line 6 and 11 is explained in
section 6.2.2.

<Model name="CT_test_model">
<TransferFunctionModel name="Transfer Function">
<Primitives>
<Trapezoid2D name="Structurel">
<Parameters>
0.3 010506 04020060106050405
</Parameters>
</Trapezoid2D>
<Paraboloid2D name="Structure2">
<Parameters>
0.20309080501031100.7050.70305
</Parameters>
</Paraboloid2D>
</Primitives>
</TransferFunctionModel>
</Model>

Listing 6.1: An XML le of a transfer function consisting of xapezoid primitive and a paraboloid
primitive.

Each instance of the transfer functions which is adaptetidadference datasets is saved in the
le format described above. These les form the basis for #malysis of dimensionality reduction
and data approximation as already mentioned in sectionb&automatic performance of PCA for a
design of the semantic paramesetapt templatés made with the tool Transfer Function Designé&r
which completes OpenQVis.

In order to apply PCA to the low-level parameters of the tanfunctions, the les are split
into groups of primitives which belong to the same entity.isTiresults in a le for each entity and
for each dataset containing the entity's primitives. Théties of all les of a common dataset are
merged in order to ensure the proper order of parameters.e Trdrise, every entity le is lled
up with zero values for the parameters of the remainingiestitAs the parameters of the primitives
are concatenated when applying PCA, it is important thaitiies are sorted in the same way with
regard to all resulting les for all datasets. This guarasta correct correlation of the dimensions of
the input vectors for PCA. When loading les of each entitydasf each reference dataset into the
Transfer Function Designer, PCA is performed separatelgdch entity.

The result is an XML data le including information for semammodels which are arranged by
semantic parameters and which are grouped with respeceiodhtities. Figure 6.8 illustrates the
process of creating the XML data le, which also providesimhation for the user interface design of
a semantic model, for example, minimum and maximum valuegder interface components. Please
see section 6.4.1 for further information about the outpgat Figure 6.9 shows les which are split
and merged on the basis of the code sample from Listing 6.1.
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Figure 6.8: The process of XML data le creation. The ins&sof different transfer functions of the
reference datasets are prepared for further analysis.

<Model name="CT_test_model">
<TransferFunctionModel name="Transfer Function">
<Primitives>
<Trapezoid2D name="Structurel">
<Parameters>
03010506 04020060106050405
</Parameters>
</Trapezoid2D>
</Primitives>
</TransferFunctionModel>
</Model>

(a) structure1

+

<Model name="CT_test_model">
<TransferFunctionModel name="Transfer Function">
<Primitives>
<Trapezoid2D name="Structurel">
<Parameters>
0.3 0.1 0506 04 0200601060504 05
</Parameters>
</Trapezoid2D>
<Paraboloid2D name="Structure2">
<Parameters>
000000000O00O0O0OO0OO
</Parameters>
</Paraboloid2D>
</Primitives>
</TransferFunctionModel>
</Model>

_split.xml

(c) structurel  _merged.xml

<Model name="CT_test_model">
<TransferFunctionModel name="Transfer Function">
<Primitives>
<Paraboloid2D name="Structure2">
<Parameters>
02 0309080501031100.7050.70305
</Parameters>
</Paraboloid2D>
</Primitives>
</TransferFunctionModel>
</Model>

(b) Structure2

+

_split.xml

<Model name="CT_test_model">
<TransferFunctionModel name="Transfer Function">
<Primitives>
<Trapezoid2D name="Structurel">
<Parameters>
0000000000O00O0O0OO
</Parameters>
</Trapezoid2D>
<Paraboloid2D name="Structure2">
<Parameters>
0.2 03 0908 0501031100.705070305
</Parameters>
</Paraboloid2D>
</Primitives>
</TransferFunctionModel>
</Model>

(d) structure2  _merged.xml

Figure 6.9: The splitting and merging of les for the Transfunction Designer. In Figures 6.9(a)
and 6.9(b), the code of Listing 6.1 is split into separatethipives. In Figures 6.9(c) and 6.9(d), the

les are merged with all primitives and lled up with paranees of the value zero. It is assumed that
the primitive Structurelbelongs to a different entity tha®tructure2does.
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6.4 Semantic Transfer Functions

In addition to traditional transfer functions, the frameivoffers a transfer function design based on
semantics. In Figure 6.10(a), the architecture of the sémaarts is brie y outlined in an UML
diagram. The semantic model class (QSemanticModel), wikichnnected to the database (QTrans-
FuncDatabase) (see program architecture in Figure 6.g¢pskthe semantic features organized and
sums up the in uences of the semantic parameters. Qt's model framework is implemented in
order to visualize the current semantic values. The straabdfithe semantic parameters is created
internally with a connection of entities (QSemanticEntiyd parameters (QSemanticParameter) in
a highly variable order, which offers a more exible struatias demonstrated in Figure 6.10(b).

QSemanticModel

+numParameters() : int
+parseXML() : void
0.1 +createXML() : void *

Semantic Parameter,

Semantic Parameter,

QSemanticltemModel QSemanticEntity

[-name : string

QSemanticParameter *

Semantic Parameterj_1

Semantic Parameterj

+setupltemModel() : void
+setupEntityRow() : void
+setupParameterRow() : void

Semantic Parameter;, |

-m_listinfluences : double
-name : string

%

Semantic Parameter,

QSemanticColorParameter

QSemanticStandardParameter

-m_listKeys : string

-m_listKeys : double

@)

Semantic Parameter,
Semantic Parameter, ,

Semantic Parameter,

(b)

Figure 6.10: An UML diagram of semantic model components ancentity structure including
semantic parameters. In Figure 6.10(a), an UML componegrdim of the OpenQVis components
is shown, which deals with semantic models. Figure 6.10{Btrates a nested entity structure with
semantic parameters.

All semantic parameters contain lists of key/value painsifiberpolation. Then, the in uence
vector of each semantic parameter is calculated dependeité ourrent value. Please note that the
length of the arrays for interpolation as well as the lendtim @ience vectors is always the sum of the
number of parameters of all primitives of which the trangfeiction consists. Only the values which
are affected by a semantic parameter are different from zero
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6.4.1 XML Data File

The XML data le is computed by the Transfer Function Design®n the one hand, it contains
information about the transfer function and its initialw@s; on the other hand, it provides basics for
a semantic user interface, which facilitates the adjustroétransfer functions based on a semantic
model. The syntax of the le is XML and can be edited and exezhdasily by the user. A Document
Type De nition (DTD) is available in the appendix (Listing.&).

The rst part of the data le describes the transfer functiorodel. Similar to Listing 6.1, all
primitives the transfer function is composed of are lisiadluding their names and parameters. The
transfer function can be interpreted by the database witmpadditional information and primitives
will be restored. Then, the primitives can be transformetthénprimitive editor. In addition to this, the
second part of the le contains a semantic model for the aesf@ novel user interface, which enables
the user to control the adaption of the transfer functioneiw datasets without any knowledge of the
underlying transfer function model. The semantic modelrmuged by entity elements which are
usually named according to the structures of the datasetwthey represent. Possible sub elements
of an entity are semantic parameters such as the parametérdity and contrast as well assub
entities(see Figure 6.10(b)).

<Entity name="Vessels">
<StandardParameter name="Adapt Template" type="double
min="0" max ="1"
default ="0.5">
<Influence key="0">
..01070108021 030700001011 ..
</Influence>
<Influence key="0.5">
..020802090309030800001011..
</Influence>
<Influence key="1">
..030803090409040900001011 ..
</Influence>
</StandardParameter>
</Entity>

Listing 6.2: An excerpt of an XML data le showing key de nidins of entityvessels

A reason for using nested entities might be the reprodudi@matomical structures controlled by
the model. For example, the entltgneis divided into arouterandinner region. In order to initialize
the semantic parameters, necessary information is prdiglattributes such as default-, minimum-
and maximum values, as well as the name and data type. Therinaiof each of the semantic
parameters on the low-level parameters is speci ed by afdatys implemented as sub elements. In
Listing 6.2, a code excerpt of the semantic paramatiapt templatés shown which is provided by
the Transfer Function Designer according to the transfectfan instances of the template. Then this
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template is adapted to the reference datdsets

In addition to the elemertandardParametean elemen€olorParameteis introduced. The set
of keys( j &;) for color parameters is de ned by splitting the color inte @mponents. In variation
to other semantic parameters, which are calculated by éostepep linear interpolation, the in uence
of a color parametes.oor 2 RX is speci ed by the multiplication of each individual compant

Scolor[1]  @1; for 1

8

% Scolor[0]  @o; for o
d(Scolor) =
:

Scolor[K 1] @k 1, for 1

with g( j) = &; and ; is an arbitrary name with regard to each componerg.gf; . Examples
for the attributemodeare the color models RGB and CMYK. An advantage of this tegqimiis the
simpli ed color management which enables the user to spexuifentity's color directly. Listing 6.3
illustrates the syntax and key de nition of the elem&ulorParameter

<ColorParameter name="Color" type="color"
mode="rgh"
default ="0.3 0.6 0">
<Influence key="red">
.000000001000000O00O ..
</Influence>
<Influence key="green">
.000000000100000O0O ..
</Influence>
<Influence key="blue">
..0000000000100000 ..
</Influence>
</ColorParameter>

Listing 6.3: The elementolorParameterfor simpli ed color management.

6.4.2 User Interface Generation

The semantic model de ned in the XML data le is edited andustgd by the user in the semantic
editor, which is implemented by using Qt's Ul componentse Tker interface is generated by parsing
the data le and translating it into a clearly structuredtedi A model/view architecture [GHJV94]
forms the basis for managing the relationship between tteeatal the way it is presented to the user.
In general, the model/view classes which are provided witha be separated into the three groups
models views anddelegateswhich communicate with each other. Each of these compsnettich
can be extended easily, is de ned by classes which providahinterfaces.

2 In the sample code, the low-level parameters of all remgipinmitives are indicated by inverted commas, because
otherwise the concatenation of primitives would be too efate (see section 5.2).
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Model. The model is addressed by views and delegates to accesstddsa informs the view
about changes to the data held by the data source.

View. The view provides information about the user's interattiwith the items being dis-
played.

Delegate A delegate renders the items of data. During the procesditirig, the delegate tells
the model and the view about the state of the editor.

The separation of functionality introduced by this arottibee offers greater exibility to cus-
tomize the presentation of items. Figure 6.11(b) illussahe architecture of the editor. The delegate
part manages the central user interface components, inglstiders and spin boxes which are shown
in Figure 6.11(a). Both elements are highly user friendlgsidering the adjustment of a single value.
Spin boxes offer the possibility to enter values manualty rie tuning, for example.

Standard Parameter Sl1‘dcr Spin-Box
Entity —» \ 1 I .
' Data
L I
Sub-Entity Model Editi
iting
Rendering . Delegate
. A;dering
Color Parameter{—, Color Picker View

(@) (b)

Figure 6.11: Figure 6.11(a) describes the user interfacgponents of the semantic editor. In Fig-
ure 6.11(b) the concept of the model/view architecturdustitated.

The user determines the current values of semantic paresrigtemoving and editing the user
interface components. As already explained in sectiontde3in uence of a semantic paramegris
speci ed by the set of keys. The involved keysand j .1, which are interpolated linearly, are chosen
with regard to the current value of the semantic parameter, s; < j+1. The sliders are movable
within the range which is set in the data le. Alternativetglor semantic parameters, mainly color
parameters based on ColorParameter elements, are speditea color picker. As already mentioned
in section 6.4.1, each of the keys is multiplied by the cqroesling color component.

6.4.3 Parameter Back Mapping

Modifying semantic parameters by moving sliders, for exeEmngesults in a parameter change of the
underlying transfer function. This means that the changeseimantic parameter causes the recalcula-
tion of the nal low-level parameter vectqr by summing up the in uences of all semantic parameters
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(see 4.3). Please remember that the transfer functionstertdilow-level parameters of concatenated
primitives. Thus, the modi cation of the semantic parametis immediately mapped back to the
low-level parameters of the primitives. The relationshiparameters and primitives is based on the
order of the primitives which are de ned in the data le's sien about the transfer function model.
Finally, the vector of low-level parameters is decomposad @ssigned to the matched primitives. A
signal informs the primitive editor to redraw its primitsvdecause of the change of the parameters,
which leads to an updated shape of the primitives. With gb¢@arlD transfer functions, a new 1D
texture is calculated which functions as a lookup table. hWitspect to 2D transfer functions, the
shape of the primitives is rendered into an off-screen retatget bound to a 2D texture as already
described in section 6.2.2.

p=(030.105060402006010605040502030908050.1031100.70.50.70.30.5)

‘ transfer function: low-level parameters |

(@)

______

(b) (©) (d)

Figure 6.12: The semantic editor and the process of parameteping. The semantic editor which is
shown in Figure 6.12(b) is useful to visualize the strudwithe dataset without any knowledge about
the underlying transfer function. The low-level paramgterhich are changed by the semantic editor,
are mapped back to the primitives (see Figures 6.12(a) df{dj). The primitives are rendered
directly into an off-screen buffer which is demonstratedrigure 6.12(d).



Chapter 7

Results

This chapter presents the results of the transfer functesigd based on semantic models. After
outlining general proceedings, CTA and MRI datasets aréyaed and visualized. Furthermore, the

results are evaluated including the reference to the #tabflthe eigenvectors, operating aspects, and
the clinical study.

7.1 Principles

As already pointed out in section 5.2, at rst a template isassary which is adapted to all reference
datasets. One of the reference datasets is loaded intogtersin order to create a template, and as
many primitives as needed are added to the primitive edifbe type of primitives chosen for the
visualization is dominated by the structures in the dataSietally, all primitives are aligned as good
as possible to the structures described in the entitiesdardo achieve the best visual result. After
having created the template, it is saved and adapted taadlining reference datasets. The following
aspects have to be taken into consideration in order toecssgthantic models successfully:

It is assumed that the template is adapted to the new stas;twwhereas the number of primitives
has been retained unchanged.

The dimension of input data, which is the sum of the numberaohmeters, must be the same
for each data vector and for each reference dataset.

As different modi cations to the primitives may lead to slari results, it is required to use
similar actions to achieve a speci ¢ task for all referene¢adets.

If the rules above are neglected, the computation modetl@s®CA will fail. After the template
has been adapted to all reference data sets, the transtgiohsare split into groups of primitives
which belong to the same entity. This technique keeps tmeifives organized and allows to perform
PCA to each entity separately (see section 6.3). Due to ffierafit scales of the primitives it is

56
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(a) CTA 12 (b) CTA_19 (c) CTA 29 (d) CTA30

(e) CTA34 (f) CTA_38 (g) CTA_39 (h) CTA 42

Figure 7.1: The transfer function template for CTA datasétsvn in Figure 7.2(a) is adapted to 8 out
of 10 reference datasets from the clinical study on intrgietasessels.

necessary to study each entity individually. A rather largeli cation of a large primitive may have

a less signi cant visual effect on the nal rendition thanubtle modi cation of a small primitive may
have. If PCA is performed for the complete parameter veatataining all primitives of all entities,
the subtle but important adjustments to smaller primitivas be lost easily because the covariance
matrix is dominated by the large variance of other low-l@alameters.

Alternatively, PCA can be applied to all input vectors at@nBesides the drawbacks described
above, the adjustment of a semantic parameter which adaptatiole transfer function results in
hardly predictable effects on the semantic model. Thedhtcton of additional scaling factors for in-
dividual components of the parameter vector may be a salfioprimitives which differ appreciably
for different entities.

The implementation of the techniques described in thisdial thesis has been evaluated by using
collections of real patient datasets of two different stgdn clinical practice, namely CTA and MRI
data. Details of all datasets are available in appendix Binddges in this section are generated by
using 2D transfer functions and 12 bit volume data.

7.2 CTA Datasets

The rst application example is about the visualization dfACdata collected within clinical stud-
ies at the Department of Neuroradiology at the UniversitfEdaingen-Nuremberg. This collection
of data was acquired for the purpose of operation plannimgeming the treatment of intracranial
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aneurysms. An aneurysm is a dilation or ballooning of a bleeskel by more than 50 percent of the
diameter of the vessel. It most commonly occurs in the &seat the base of the brain. The larger an
aneurysm gets, the more likely it is to burst.

Ten different datasets are used as reference data in ordengtruct the semantic model. Six
additional datasets are used for evaluation. The resaolatighe slice images is xed @12 512
with 12 bits per voxel. The number of slice images for each individlataset varies between 90
and 260. The experiments have shown that semantic modelstddange signi cantly if different
datasets are chosen as a reference set from the collecti@nstiiuctures found in the 2D histogram
considerably vary among the datasets, mainly because diitlegent elds of view during data
acquisition.

7.2.1 Semantic Model

A template for the transfer function is created for the @#ibone structuresbrain/soft tissugskin/-
cavities andblood vesselsin Figure 7.2(a), the template for CTA datasets is shownc¢hvbontains
one primitive for the vessels (red), the brain (green), duadskin (yellow), as well as two primitives
for the bone (white and pink for the inner and outer bone). Gdmee structures are represented by two
separate primitives in order to improve their visual appeee. All primitives are quadrilaterals due
to the fact that for the user the adjustment of the contrahigas highly exible and intuitive.

skin—1" \

AN

brain / vessels bone (inner)

bone (outer)

(@ (b) CTA 41

Figure 7.2: Template for CTA datasets. Figure 7.2(a) shtwesteémplate for CTA datasets with 5
primitive objects inside the editor. The template is agptie the reference dataset C¥A, which is
shown in Figure 7.2(b).

The result of the template adaption with regard to the ref@edatasets is shown in Figure 7.1.
The visualization of the brain's primitive is neglected irder to get a better view of the structures.
The process of performing PCA for each entity creates a seenanodel with separate adapt tem-
plate parameters for each structure of interest. Furthern@osemantic model consists of additional
semantic parameters. Concerning the semantic model fordaiasets, each entity is completed with
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visibility and color parameters. The visibility parametéor vessels, brain and skin simply specify the
opacity of the respective primitive. For the bone strucutke visibility parameter can be used to si-
multaneously fade out both structures (inner and outer)odrie opacity of the inner bone structures
can separately be controlled by an additional semantionpetexr to enhance the visual appearance.
The scheme of the semantic model is illustrated in Figuréa).Finally, the user interface, which is
shown in Figure 7.3(b), is generated automatically witlpees to the underlying semantic model.

Adapt Template
Visibility

Visibility
Color

— Adapt Template
— Visibility

— Color

— Adapt Template
— Visibility

— Color

— Adapt Template
— Visibility

— Color

(a) (b)

Figure 7.3: Scheme and user interface for CTA datasetsré-ig3(a) shows a scheme of the entities
and associated semantic parameters. The generated estxdetis displayed in Figure 7.3(b).

7.2.2 \isualization

Some example images created for datasets which are notfpthe ceference set are shown in the
following (see Figures 7.4 and 7.5). The semantic modellfer@TA data, which has already been
introduced in the previous section, is applied by adjustirgsemantic parameters in the user interface
in order to achieve the best results. First, the adapt tdmpkrameter is used to stress the structures
in oder to visualize the desired entities. Additional setitaparameters are adapted subsequently to
improve the visual appearance.
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@) (b) ()

(d) (e) ()

(9) (h) @0

) (k) o

Figure 7.4: An example of a template adaption to dataset_ CdAvhich is not part of the reference
set. The images have been generated by decrementallyiagjtist adapt template parameter, i.e. by
moving the slider for blood vessels as shown in the left colufrhis results in a change of the under-
lying transfer function's low-level parameters and martapes the primitive's shape (middle column:
red primitive for blood vessels). The rendered images baseithe presented transfer functions are
displayed in the right column.
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(a) CTA18 (b) CTA_18 (c) CTA_18
(d) CTA28 (e) CTA28 (f) CTA_28
(g) CTAL40 (h) CTA_40 (i) CTA_40

Figure 7.5: The semantic model for CTA applied to three ofdhtasets which are not contained in
the reference set. The left column shows the bone and blogs®ise the middle column adds the skin
by increasing the visibility parameter, and the right catuvisualizes the brain in addition to the other
entities by adjusting the visibility parameter.
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7.3 MRI Datasets

The second application example deals with the visualinatibpreoperative MRI data acquired for
the planning of tumor resection in the brain. This time, théadvere provided by the Department
of Neurosurgery of the University of Erlangen-NurembercheTerm “tumor” is primarily used to
denote abnormal growth of tissue. This growth can be eittaigmant or benign. Malignant tumors
are cancerous and have a potential to invade and destroghogigg tissues and create metastases.
Benign tumors do not invade neighboring tissues and do reut seetastases, but they may grow to
great size locally. They usually do not return after suigieenoval.

(a) MR.04 (b) MR_05

(c) MR_06 (d) MR.07

Figure 7.6: The transfer function template for MRI datasétswn in Figure 7.7(a) is adapted to 4 out
of 7 reference datasets acquired for the planning of tunsmateon in the brain.

Seven out of ten datasets are chosen as reference datagdie apmaining three datasets are
used for evaluation. A list containing the reference sevéslable in appendix B.4. The resolution of
the slice images is xed @56 256 and the number of slices varies between 100 and 150 1#th
bits per voxel. The image quality is limited due to the sherigd of time which was allowed for the
data acquisition in clinical practice . In consequencegaisiant noise is contained in the data.

7.3.1 Semantic Model

The structures visualized by MRI differ from those in CTA,anfurse, since the former uses strong
magnetic elds and non-ionizing radiation in the radio fuegcy range. Therefore, the semantic
model consists of just two entities, namddsain tissueandskin The template for MRI datasets is
shown in Figure 7.7(a). It contains one primitive for eactitgnin particular for the skin (white), and
the brain (green). Both of the primitives are quadrilater&llease also note that the histograms which
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are displayed in the background of the primitive editor hawmmpletely different structure than the
ones of the CTA datasets.

,,,,,,

. I
skin ——»
I

. 2
brain —» i\

(@ (b) MR_04

Figure 7.7: Template for MRI datasets. Figure 7.7(a) shdawstémplate for MRI datasets with 2
primitive objects inside the editor. The template is apgplie the reference dataset MR, which is

shown in Figure 7.7(b).

The result of the process of adapting the template to referdatasets is shown in Figure 7.6. In
the next step, PCA is applied to each entity separately ierai@ build a semantic model. Besides
the semantic parameteaslapt templatecolor, andvisibility, an additional parametesharpnesss
introduced. Now the sharpness and fuzziness of the brainface can be controlled, which strictly
speaking means that the opacity slopes at the primitive’ddycare modi ed as described in section
5.4.4. The visibility parameter for the skin is implemeniadsuch a way that it rst turns down
opacity for low gradients in order to produce a transparbetl ©f the structure (see section 5.4.1).
Figure 7.8(a) shows the scheme of a semantic model for MR which leads to the user interface

displayed in Figure 7.8(b).

Adapt Template
Visibility
Sharpness
Color

Adapt Template
Visibility
Color

@) (b)

Figure 7.8: Scheme and user interface for MRI datasets.ré&ig8(a) shows a scheme of the entities
and the associated semantic parameters. The generatadtadace is displayed in Figure 7.8(b).
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7.3.2 Visualization

Some example images of those datasets not included in theenek set are shown in the following
(see Figures 7.9 and 7.10). The semantic model which hasdm&hoped in the previous section
is applied to the datasets by adjusting the adapt templatareger and by adapting the remaining
parameters for the best visual results.
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(a) (b) (©)

(d) () (f)

(9) (h) (i)

0 (k) o

Figure 7.9: An example of template adaption and sharpnessnater to dataset MR2 which is
not part of the reference set. The images have been gendmatadjusting the sharpness parameter
incrementally, i.e. by moving the slider for the brain aswshan the left column. This results in
a change of the underlying transfer function's low-levetgrmaeters and manipulates the primitive's
opacity slope parameters (middle column: green primitiretie brain). The rendered images which
are based on the presented transfer functions are dispiayled right column.
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(a) MRO1 (b) MR_01 (c) MR.01
(d) MR_02 (e) MR.02 (f) MR_02
(g) MR.03 (h) MR_03 (i) MR_03

Figure 7.10: The semantic model for MRI applied to three efdatasets which are not contained in
the reference set. The left column shows the brain, the middlumn adds the skin by increasing
its visibility parameter, and the right column visualizé® tskin in addition to the other entity by

adjusting the visibility parameter to the level of full ojitsic
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7.4 Evaluation

Within this thesis it is not possible to consider all aspedtich would make a convincing evaluation
necessary. This is due to the fact that a clinical envirorimaed a large number of real patient data
would be necessary to obtain, which would cause an enornftars & his chapter concludes with a
brief evaluation with respect to a technical analysis onaie hand, and to operating aspects on the
other hand.

7.4.1 Stability of Eigenvectors

The importance and the stability of each semantic parafeetstreigenvector is investigated to eval-
uate the quality of PCA, which creates the basis for the attapplate parameter. In this case, a
principal component is de ned as stable, if the dot prodddhe normalized axes of different evalu-
ations does not fall below 0.9. The axis spanned by the rstgipal component is relatively stable
for more than twelve CTA reference datasets. Furthermbeestability signi cantly varies for each
entity and also depends on which datasets are chosen asnedesets. In table 7.1, the differences
concerning the importance of each entity are extracted.

Importance of the rst Principal Component
Entity | No. of Datasets: 12| 11 | 10| 9 | 8 | 7 | 6 | 5

Bone 095 094 092 093 091 0.89 0.87 0)88
Brain 099 098 096 09 094 091 0.89 087
Skin 090 0.87 085 0.84 082 0.75 0.74 07
Vessels 085 081 076 0.74 0.72 0.70 0.63 (.57

Table 7.1: Importance of the rst principal component on ayuway number of datasets for different
entities.

In the worst case, the importance of the rst principal comgat is 0.85 for 12 reference datasets
and 0.57 for 5 datasets. Both values are measured for blasgble The pathways of the entities
vesselsandskinin a variable number of reference datasets is outlined imidigram of Figure 7.11.

Similar results are turned out for MRI datasets. The impaneof the rst principal component is
0.6 in the worst case and 0.8 in the best case due to the limitedber of reference data sets available.
A higher number of training datasets would have been nege&saa more detailed analysis.

Various tests with 4 different expert-users have showntti@atigni cance of the rst principal
component is slightly higher if the manual template adagtator all datasets is performed by the
same person instead of by several persons. This shows thatahility of the described approach
depends on the designer's template adaptation strategghwtight be considered as a drawback of
the proposed technique.
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Figure 7.11: The pathways of the entitiessselsand skin according to the importance of the rst
principal component displayed in table 7.1.

7.4.2 Operating Aspects

A survey with regard to the usability of the semantic editas been made in the following way: rst,
ten unexperienced users explore the primitive editor whihdles 2D transfer functions. Then the
same persons study the semantic editor with regard to thalidation of entities and the tweaking of
semantic parameters. In both cases, the users are reqtestedb display the bone and the vessels
of the dataset CTALS8.

All users agree that the primitive editor is useful in expigra dataset. The primitives are ma-
nipulable very easily and the visual feedback of the rerdiémeage gives an idea of the dataset's
structures. When it comes to a speci ¢ task, seven useraligua part of the bone's structures,
mostly including parts of the skin. Only one out of ten userable to isolate the vessels in the primi-
tive's editor. It seems to be impossible for unexperienceersito adjust characteristics of a structure
without any additional explanation.

Figure 7.12: An user interface for CTA datasets with unlatigdarameters.

In the next step, the semantic editor is presented to thes.userorder to evaluate the accurate
meaning of the semantic parameters, the users are rst askedplore the user interface of the
CTA model created in section 7.2.1 with unlabeled pararedre Figure 7.12). In most cases, the
users describe the intended visual effects such as vigilifid color properly. The adapt template
parameter, however, is often described inadequately bydbes. Sometimes it is mixed up with the
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visibility parameter. After showing and explaining theddbto the users, some of them propose that
“ ne tuning” and “trimming’ would be more adequate terms instead of the term “adapt l&aip

All users are able to adjust the semantic parameters ond¥eilin order to obtain the desired visual
results. The meaning of nested entities is also clear to pwsbns. In addition to this, a semantic
model is presented to the users which is based on only 4 neferdatasets. The average importance
value of the principal components is less than 0.7. The ugersonal visual impression is that this
semantic model still reacts the same. This impression nhiglexplained by the considerable amount
of redundancy contained in the data.

7.4.3 Clinical Study

A detailed study regarding the usability in clinical envirgent is still pending. Up to now, the ideas
and the approach presented in this thesis have been evhlate surgeon and a radiologist so far.
Their feedback concerning high-level user interfaces dasethe semantic models is very positive.
With the help of a developer, the surgeon designed a simphausiic model for CT data. Then he
explored the parameter space in the high-level user imetf@sed on semantics. He was extremely
enthusiastic about the quality and the tremendous speéddwhitch he achieved the desired visual
results. However, he pointed out that the method used tguesimantic models for new scenarios
is sophisticated and complicated for unexperienced ugesalution might be a wizard which leads
through the process of model design.

The radiologist was asked to perform the data visualizatayna typical clinical examination
based on the semantic model which has been developed iorsécf.1. He pointed out that he
would prefer the simpli ed user interface instead of thengtive-based editors he is accustomed
with. He appreciated the adapt template parameter for nhameaking, although he emphasized that
an automatized initial setup would also be desirable.
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Conclusion

This chapter concludes this thesis with a short summaryegptbposed approach concerning transfer
functions based on semantic models. The summary is folldwegh outlining of limitations and the
sketching out of possible solutions and of further aspextfuture work.

8.1 Summary

Apart from medical applications, volume rendering is ofagrinportance in natural and computa-
tional science, industrial design, engineering, and inynwher application areas. And although such
technical problems as the evaluation of the underlying ijghysnodel, the interactive exploration of
volume data as well as the memory management with regardge tatasets have been overcome
successfully, the existing solutions are still not usedracpice as frequently as you would expect.
Many users report dif culties when specifying optical pespies for datasets. The manual assignment
of transfer functions, which maps properties to values efdatasets, is time consuming and even for
experienced users the results are often hardly predictAbimmatic approaches are neither available
for all kinds of visualization tasks nor satisfying in marppécations. In the eld of medical visual-
ization, physicians complain about a lack of clear semaiitithis process. For example, they suggest
to sharpen the vessels, to fade out the soft tissue, and rowaghe contrast between two structures.
But even for a visualization expert who is familiar with thederlying transfer function model it is
sometimes challenging to obtain the desired results. Bhilué to an enormous number of degrees
of freedom the transfer function model might have. That iy Wiere is still a need for new transfer
function designs and corresponding user interfaces.

An overview of related work in the eld of volume rendering catransfer function design is
presented in chapter 2 of this thesis. Up to now, image-drigehniques and data-driven techniques
in transfer function design have not satis ed the claims ofdern physicians. Therefore, the transfer
functions are adapted to datasets manually with the helpdfrdtive-based editor. Primitive shapes,
such as trapezoids [KKHO01] and paraboloids [H®#], which are introduced in section 4.1, consist
of a set of parameters describing the transfer function. tBeitadjustment of primitives in order

70
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to obtain the desired visual results is still a time consgminocess because of the large number
of degrees of freedom the primitives may still have. Theoidtiction of semantic parameters as an
additional abstraction layer is a solution for this. Eaclihef semantic parametesdas an in uence
on the vector of the low-level parametgosand thus the transfer function is affected. The low-
level parameters are mapped back to the primitives which thpelate their parameters for texture
creation. The concept of semantics is borrowed from the @ldcomputer animation where the
technical director creates semantic parameters susimdsandfrown and hides the complex setup
of low-level parameters from the animator. Similar to thavelm keys, which are also part of the
computer animation concept, the in uence of a semanticrpatar is speci ed by a variable set of
keys and a step-by-step linear interpolation (see secti®n 4

Chapter 5 deals with the design of semantic models. The b&#ie design is a set of reference
datasets for a speci ¢ examination purpose. A template ésted which consists of one or more
primitives for each structure of interest. Then the prinaiteditor is used to adapt the transfer function
template to each individual dataset. In order to create séo@arameters, the set of reference transfer
functions is analyzed by using PCA which is capable of ndgiqilarities and which approximates
the vectors in a lower-dimensional subspace. The chaptedwdes with an insight into the creation
of additional semantic parameters suclviability, color, contrast andsharpness

Besides the theoretical model of semantics, the visuaizdtamework OpenQVis is presented.
This allows to create semantic models for the visualizatfjnocessing, and evaluation of volume
data. In chapter 6, the main aspects of the framework argibdedc Traditional 1D and 2D transfer
function editors are implemented as well as the transfestion designer and the new semantic model,
including an automated user interface design. The predeeselts of the new transfer function model
are based on CTA and MRI datasets. In order to achieve theedesisults, the adaption of transfer
functions no longer is an inconvenient tweaking of paransetdich is only reserved for visualization
experts.

8.2 Further Considerations

In general, the design of transfer functions in volume reindeapplications is a manual, tedious and
time consuming procedure which requires detailed knovdeafgspatial structures contained in the
dataset. In this diploma thesis, a framework is presentethé&implementation of semantic models
for the transfer function adjustment, which can be usedct¥ey to hide the complexity of visual
parameter assignment from the non-expert user, as viatiatizexperts create the transfer function
template for a given clinical scenario.

As a result it can be said that it does not seem necessary\mera control system for all kinds
of modi cations to the low-level parameters in order to pmeisa successful user interface. Although
the design of a semantic model with a large number of paramistereated easily, it is more helpful
for non-expert users if the user interface is restrictedlimiied number of essential parameters. The
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proposed semantic models and parameters for CTA and MRsealataurned out to be completely
suf cient for creating all desired visual representatioii$is is possible without a signi cant loss in
exibility, due to a considerable amount of redundancy ialevel transfer function model.

Finally, the concept of high-level user interfaces basedg@&mantic models could increase the
acceptance of volume rendering in scienti ¢ applicatioersrios. This is due to the simpli cation
of adjusting transfer functions, which is no longer a mantedious and time consuming process,
even for non-expert users. All in all, the concepts desdribethis diploma thesis are not restricted
to transfer function design. They can be used to providetimtuuser interfaces for different kinds of
visualization tasks.

8.3 Limitations and Future Work

Although the semantic model and the generated high-leva interface offer a new and innovative
technique of transfer function adjustment, it has to beickemed that the proposed approach is limited
in some cases.

The creation of a semantic model is bound to an applicatienao with a speci c examination
purpose. That is the reason why two different models areateéat CTA and MRI datasets. A vi-
sualization expert has to design the semantic models in adéDraulti-dimensional primitive editor,
which is still a time consuming process. As it has alreadyntsegd in section 7.4.1, the signi cance
of the rst principal component is slightly higher if the maal template adaptation for all reference
datasets is performed by the same person instead of by kpeesans. Thus, the quality of the se-
mantic model depends to a certain degree on the designateg. In general, a risk of the presented
approach is to over-parameterize or under-parameterizpdtameter space of the transfer function,
as it is always kept under the control of the designer. Mongoirtantly, the reference datasets should
statistically represent the range of all possible datéeaetsder to achieve an appropriate approxima-
tion of the input data. This can hardly be veri ed in practao® it is suggested to use as many datasets
of a speci c type as available.

The handling of the user interface can still be improved Bspnting an automatized initial trans-
fer function adjustment. For example, the techniques dmsttin [RSHSG] can be investigated in
order to achieve this task in a future version. A sophistidaind elaborated wizard may be useful
to lead through the process of creating templates and semmaatlels. In addition to this, you could
imagine to extend the transfer function designer with dadabfeatures which handle all recorded
application scenarios and proper semantic parametersféster and simpli ed semantic model cre-
ation. A future challenge might also be the implementatibadditional parameters such as edge
properties, which are frequently used in non-photo realigndering, and material properties for
local illumination and translucent rendering.

A further challenge for future work concerns the Gaussiabability distribution of the low-
level parameters (see section 5.3). The assumption of ghebdition is made with the intention to
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motivate to use the PCA, as the distribution is de ned by treamvalue and the variance. It could
be worthwhile to nd out if an analysis using higher ordertistics such asndependent Component
Analysiscan be used to derive non-linear semantic parameters. Hwowhbis technique would require
an enormously large number of reference datasets in oradmmipute reliable results.
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Appendix A

Semantic Models

In the following, an XML Document Type De nition (DTD) for &msfer function models based on
semantics is displayed (see Listings A.1 and A.2). The memd a DTD is to de ne the legal build-
ing blocks of the XML document. Thus, the DTD structures theuinent with a list of elements.

<! DOCTYPEModel [
<! ELEMENTModel (TransferFunctionModel, Semantics)>
<! ATTLIST Model
name CDATA#REQUIRED
numParameters CDATA#REQUIRED
>

<! ELEMENT TransferFunctionModel (Primitives *)>
<! ATTLIST TransferFunctionModel
name CDATA#REQUIRED
>
<! ELEMENT Primitives (Paraboloid2D * | Trapezoid2D +* | Quad2D *)>

<! ELEMENTParaboloid2D (Parameters)>
<! ATTLIST Paraboloid2D
name CDATA#REQUIRED

<! ELEMENT Trapezoid2D (Parameters)>
<! ATTLIST Trapezoid2D
name CDATA#REQUIRED

<! ELEMENTQuad2D (Parameters)>
<! ATTLIST Quad2D
name CDATA#REQUIRED
>
<! ELEMENTParameters (# PCDATA>

Listing A.1: Part 1 of the DTD which de nes the structure oktiXML le for semantic transfer
function models.
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<

ELEMENT Semantics (Entity *)>
ATTLIST Semantics
name CDATA#REQUIRED

<

<

ELEMENTEntity (Entity * | ColorParameter
ATTLIST Entity
name CDATA#REQUIRED

<

<

ELEMENT ColorParameter (Influence+)>

<! ATTLIST ColorParameter

name CDATA#REQUIRED
type CDATA#REQUIRED
mode CDATA#REQUIRED

default ~CDATA #IMPLIED

<

ELEMENT StandardParameter (Influence+)>

<! ATTLIST StandardParameter

name CDATA#REQUIRED
type CDATA#REQUIRED
default CDATA #REQUIRED
min CDATA #IMPLIED
max CDATA #IMPLIED

<

ELEMENTInfluence (# PCDATA>
ATTLIST Influence
key CDATA#REQUIRED

<

>

* | StandardParameter

Listing A.2: Part 2 of the DTD which de nes the structure oktiXML le for semantic transfer

function models.




Appendix B

Datasets

B.1 CTA

The image data was recorded with a Siemens Somatom Plusad-Girscanner. During data acqui-
sition, the non-ionic contrast agent (100ml) was appliedlicases. The delay time was chosen with
respect to the circulation time for each individual patient

‘ Dataset‘ Modality ‘ Size ‘

CTA12 CT 512x512x91
CTA 16 CT 512x512x72
CTA_18 CT 512x512x62
CTA 19 CT 512x512x77
CTA_22 CT 512x512x85
CTA25 CT 512x512x31
CTA27 CT 512x512x173
CTA_28 CT 512x512x64
CTA_29 CT 512x512x101
CTA_30 CT 512x512x167
CTA34 CT 512x512x121
CTA_38 CT 512x512x246
CTA39 CT 512x512x121
CTA_40 CT 512x512x138
CTA 41 CT 512x512x189
CTA 42 CT 512x512x242

Table B.1: An overview of the CTA datasets which are usedHerdesign of a semantic model.
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Table B.1 presents an overview of the properties of the dttdbat have been used. The design
of the semantic model for CTA datasets in section 7.2.1 iedas the reference datasets listed in
Table B.2.

Reference Set

CTA 12
CTA19
CTA 22
CTA29
CTA30
CTA 34
CTA_38
CTA39
CTA 41
CTA42

© 00 NOoO OB~ W NP

=
o

Table B.2: An overview of all CTA reference datasets.

B.2 MRI

The preoperative MRI datasets were acquired for the plgnoiitumor resection in the brain.

‘ Dataset‘ Modality ‘ Size ‘

MR_01 MRI 256x256x112
MR_02 MRI 256x256x112
MR_03 MRI 256x256x112
MR_04 MRI 256x256x112
MR_05 MRI 256x256x112
MR_06 MRI 256x256x112
MR_07 MRI 256x256x102
MR_08 MRI 256x256x102
MR_09 MRI 256x256x112
MR_10 MRI 256x256x112

Table B.3: An overview of the MRI datasets which are usedherdesign of a semantic model.
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Reference Set

MR_04
MR_05
MR_06
MR_07
MR_08
MR_09
MR_10

N O OBk WDN PP

Table B.4: An overview of all MRI reference datasets.
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