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ABSTRACT

Direct volume visualization has been established as a convwisaalization technique
for tomographic volume datasets in many medical applicatdds. In particular,
the introduction of volume visualization techniques thgtleit the computing power
of modern graphics hardware has expanded the applicatjpabddies enormously.
However, the employment of programmable graphics prorgasiits (GPUSs) usually
requires an individual adaption of the algorithms for eadfeent medical visual-
ization task. Thus, only few sophisticated volume visiwalan algorithms have yet
found the way into daily medical practice. In this thesisesal/new techniques for
medical volume visualization are presented that aid togerithis gap between volume
visualization and medical applications. Thereby, the [@abof medical volume visu-
alization is addressed on three different levels of abstnacwhich build upon each
other.

On the lowest level a exible framework for the simultanesesdering of multiple
volume datasets is introduced. This is needed when muitgilemes, which may be
acquired with different imaging modalities or at differgudints in time, should be
combined into a single image. Therefore, a render graph weaslaped that allows
the de nition of complex visualization rules for arbitramulti-volume scenes. From
this graph GPU programs for optimized rendering are geedrafitomatically.

The second level comprises interactive volume visuabrasipplications for dif-
ferent medical tasks. Several tools and techniques aremexsthat demonstrate the
exibility of the multi-volume rendering framework. Specally, a visualization tool
was developed that permits the direct con guration of thedex graph via a graph-
ical user interface. Another application focuses on theutemeous visualization of
functional and anatomical brain images, as they are aadjurstudies for cognitive
neuroscience. Moreover, an algorithm for direct volumeodwehtion is presented,
which can be applied for surgical simulation.

On the third level the automation of visualization procssiseconsidered. This
can be applied for standard visualization taks to suppodicaédoctors in their daily
work. First, 3D object movies are proposed for the repredimt of automatically
generated visualizations. These allow intuitive navgai@long precomputed views
of an object. Then, a visualization service is presentetdékegates the costly com-
putation of video sequences and object movies of a volunasdato a GPU-cluster.

In conclusion, a processing model for the development ofica¢golume visual-
ization solutions is proposed. Beginning from the initiajwest for the application of
volume-visualization techniques for a certain medicak téisis covers the whole life
cycle of such a solution from a prototype to an automatedsrrhereby, it is shown
how the techniques that where developed for this thesisastifige generation of the
visualization solutions on the different stages.
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KURZFASSUNG UNDKAPITELUBERBLICK

Die direkte Volumenvisualisierung hat sich in vielen méuschen Anwendungsge-
bieten als allgemeine Visualisierungstechriik fomographische Volumendatétze
etabliert. Insbesondere die Eimfrung von Volumenvisualisierungstechniken, die die
Rechenleistung moderner Graphikhardware ausnutzen, é@mdvendungsraglich-
keiten stark erweitert. Allerdings erfordert der Einsatm\programmierbaren Gra-
phikprozessoren (GPUs) normalerweige jede unterschiedliche Visualisierungsauf-
gabe die individuelle Anpassung der angewendeten Algoeth Deshalb haben bis-
her nur wenige technisch anspruchsvolle Volumenviswlisigsalgorithmen den Weg
in die tagliche medizinische Praxis gefunden. In dieser Arbeitdearmehrere neue
Visualisierungstechniken vorgestellt, die dabei heltkese Liicke zwischen Volumen-
visualisierung auf der einen Seite und medizinischen Amluegen auf der andern
Seite zu schlief3en. Dabei wird das Problem der medizinstbimenvisualisierung
auf drei unterschiedlichen, aufeinander aufbauendendtbleehandelt.

Auf der untersten Ebene wird ein exibles Framewoilk flie simultane Visualisie-
rung mehrerer Volumendateitge eingdihrt. Dieses wird beidtigt, wenn mehrere Vo-
lumendaterdtze, die beispielsweise zu unterschiedlichen Zeitpumétker mit unter-
schiedlichen Aufnahmetechniken erfasst wurden, in eimeigen Darstellung kom-
biniert werden sollen. Hieiiir wurde der sogenannte Rendergraph entwickelt, der die
Festlegung komplexer Visualisierungsvorschriftén lbeliebige, aus mehreren Volu-
mina bestehende Szenen éghcht. Aus diesem Graphen werden automatisch GPU-
Programmeiir das optimierte Rendering generiert.

Die zweite Hierarchieebene umfasst interaktive Volumsumadisierungsanwendun-
gen fur unterschiedliche medizinische Zwecke. Hier werden mrehwerkzeuge und
Techniken pasentiert, die die Flexibilit des Multivolumenrenderingframeworks ver-
anschaulichen. Im Speziellen wird ein Visualisierungsmeug vorgestellt, das es er-
moglicht, den Rendergraphen dirékier die graphische Benutzerschnittstelle zu kon-
gurieren. Eine andere Anwendung fokussiert auf die gleatige Darstellung von
funktionellen und anatomischen Aufnahmen des Gehirndheispielsweise im Rah-
men von kognitiven Studien erfasst werden. iiksr hinaus wurde ein Algorithmus
fur die direkte Deformation von Volumendaté@tzen entwickelt, der in der Chirurgie-
simulation eingesetzt werden kann.

Auf der dritten Hierarchiebene wird die Automatisierunghvoedizinischen Vi-
sualisierungsprozessen betrachtet. Diese kanStandardvisualsierungsaufgaben zur
Unterstitzung von Medizinern in ihreraglichen Arbeit eingesetzt werdenurdie
Darstellung der Visualisierungsergebnisse werden 30e@hjovies vorgeschlagen,
die eine interaktive Navigation entlang vorberechnetesiéimen eines Objektes er-
moglichen. Aulerdem wird ein Visualsierungsservice vaegjisder die teure Be-
rechnung von Videos und 3D-Objectmovies auf einen GPU-Etusislagert.

13



14 Kurzfassung und Kapitéberblick

Abschlie3end wird ein Vorgehensmodeair fdie Entwicklung von Volumenvisua-
lisierungsbsungen vorgeschlagen. Ausgehend von der initialen Aafardy, Volu-
mensvisualisierungtechnikefirfeine bestimmte medizinische Aufgabe einzusetzen,
umfasst dieses Vorgehensmodell den kompletten Lebenszgkher Visualisierungs-
|6sung, von einem Prototypen bis hin zu einem automatisidfiialisierungsservice.
Hierbei wird gezeigt, wie die im Rahmen der vorliegenden Areetwickelten Tech-
niken die Erstellung der Visualisierungsungen auf den unterschiedlichen Stufen un-
terstitzen.

Kapitel Gberblick

Kapitel 1: Einleitung

Das Einleitungskapitelihrt in die Themenstellung dieser Arbeit — Volumenvisuedis
rung fur medizinische Anwendungen — ein. Es wird dargestellts dasumenvisuali-
sierung heutzutage zwar in viele unterschiedlichen mediZhen Anwendungsgebie-
ten eingesetzt wird, dass aber fortschrittliche Visuatisngstechniken, die moderne
Graphikhardware einsetzen, noch selten zur Anwendung kem#ls Grund hiefidr
wird die komplizierte und aufwendige Programmierung voaghikkarten angéhrt.
Aus dieser Problematik wird die Zielsetzung dieser Arbaig, Liicke zwischen mo-
dernen Visualisierungstechniken und deren Anwendung iMabglizin zu schliel3en,
abgeleitet.

Zur Einordnung der in dieser Arbeit vorgestellten Technikard gezeigt, dass das
Problem der medizinischen Volumenvisualisierung auf dnéérschiedlichen Abstrak-
tionsebenen, die aufeinander aufbauen, betrachtet wéwalam Die unterste Ebene
stellen die Algorithmeniir das direkte Volumenrendering dar, auf der zweiten Ebene
sind interaktive Visualisierungsapplikationdir tinterschiedliche medizininische Ein-
satzgebiete angesiedelt und die dritte Ebene umfasst ikechnur Automatisierung
des Visualisierungsprozesses. AbschlieBend wird eirekittzerblickiber die Arbeit
gegeben und der Bezug zwischen den verschiedenen ThemeprmuddedHierarchie-
stufen der medizinischen Volumenvisualisierung herdieste

Kapitel 2: Grundlagen der medizinischen Bildgebung und Visuali-
sierung

Im zweiten Kapitel werden die Grundlagen der mediziniscBddgebung und der
medizinischen Visualisierung, diéif das weitere Veranhdnis der Arbeit atig sind,
erlautert.

Zu Beginn werden die wichtigsten tomographischen Bildgebtewpniken ein-
gefuhrt, mit deren Hilfe volumetrische Aufnahmen de8rferinneren eines Patienten
gemacht werdendanen. Nach einer kurzen Bdterung der Bntgentechnik, deren
Er ndung den Beginn der modernen medizinischen Bildgebungtdht, werden die
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Computertomographie (CT) und die MagnetresonanztomogradhiRT) raher be-
schrieben.

Im folgenden Abschnitt wird die medizinische Visualisiegspipeline vorgestellt,
die auf der allgemeinen Visualisierungspipeline aufb&ig.besteht aus den vier Stu-
fen Bilderfassung, Vorverarbeitung und Bildanalyse, Vigiatung und visuelle Ana-
lyse. Diese vier Stufen, die teilweise aus mehreren Piptihgtten bestehen, werden
naher erautert und es werden beispielhafte Algorithmen und Veeatyesprochen.
Dabei werden die letzten beiden Pipelinestufen hervorgemoda diese Arbeit sich
auf diese fokussiert.

Da die in dieser Arbeit vorgestellten Visualisierungstekbn auf dem Verfah-
ren des direkten Volumenrenderings aufbauen, wird imdetZbschnitt des zweiten
Kapitels diese Technik audfrlicher erhutert. Zuichst wird das Volumenrendering-
integral und seine numerische Auswertung beschriebem @ad die praktische Um-
setzung des Verfahrens anhand der Volumenrenderingpgetkhrt und schlielich
auf zwei GPU-basierte Renderingalgorithmen, das schedseatbe (slice-based) Ren-
dering und das Raycasting, eingegangen.

Kapitel 3: Flexibles Multivolumenrendering

Im dritten Kapitel wird ein Frameworkiif das exible Rendering von mehreren Vo-
lumen (Multivolumenrendering) vorgestellt. Zu Beginn watigemein in das Thema
Multivolumenrendering eingéhrt und gezeigt, dass es drei Wege gibt, die Darstellung
mehrerer Volumendateatze in einem Bild zu kombinieren. Dabei wird herausgestellt
dass die Technik, die Volumendatét=e auf Akkumulationsebene zu kombinieren,
d.h. bevor die Farben entlang eines Sichtstrahls aufakkernwerden, am besterif
medizinische Anwendungéife geeignet ist. Bei Anwendung dieser Technik abrf
die Problemstellung des Multivolumerenderings in zwei ptaunkte: das simultane
Abtasten mehrere Volumendatétze (Sampling) und die kombinierte Abbildung der
Datenwerte an den Abtastpunkten auf Farben (Shaditigp&ide Problemstellungen
werden in den weiteren Abschnitten des zweiten Kapitésungen vorgestellt und es
wird gezeigt, wie diese in einem einheitlichen Frameworkarnmengefasst werden
konnen.

Zunachst werden zwei GPU-basierte Multivolumenrenderingiéen vorgestellt,
die auf eine optimierte Abtastung der Volumenda#gns abzielen: scheibenbasiertes
Multivolumenrendering und Multivolumenraycasting. Bemdlegen die Volumenda-
tensatze in Bereiche sictiberlappender Volumen und wenden auf diese Bereiche spe-
ziell angepasste GPU-Programme an.

Im darauffolgenden Abschnitt wird ein Verfahrerépentiert, mit dem diese GPU-
Programme automatisch aus einem individuell zusammegifiestGraphen, dem so-
genannten Rendergraphen, generiert werdem&n. Zuachst wird das Konzept des
Rendergraphen érlitert und die verschiedenen Typen von Renderknoten éingef
Dann wird die Verwendung des Rendergraphen an einem Beigpesschaulicht und
schlie3lich wird beschrieben, wie aus einem Rendergrapheauweldrigen GPU-
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Programme erzeugt werden. AbschlieBend wiréwedrt, wie die Generierung der
GPU-Programme dynamisch in den Multivolumerenderinggsszntegriert werden
kann.

Kapitel 4: Interaktive medizinische Volumenvisualisierung

In Kapitel 4 werden drei verschiedene interaktive Visuafisngsanwendungen vor-
gestellt, die aufbauend auf dem MultivolumenrenderingiEaork an bestimmte me-
dizinische Anwendungsgebiete angepasste Visualisisrmathoden und Interaktions-
mechanismen zur Veifung stellen. Im ersten Teil wird ein Visualisierungsweenkg
prasentiert, das eine direkte Manipulation des Rendergraipbendie graphische Be-
nutzungsschnittstelle edglicht. Hierdurch kann der Anwender individuelle Visua-
lisierungen erzeugen und die zur Magting gestellten Visualisierungstechniken auch
bei neuartigen Fragestellungen einsetzenactst wird der Aufbau der Benutzungso-
ber ache des Visualisierungswerkzeugsatert. Dann wird gezeigt, wie die Funktio-
nalitat durch neue Renderknoten erweitert werden kann. Nebemygéerhentierung
des eigentlichen Renderknotens muss kieein geeignetes Eingabeelement zur Ein-
stellung der Parameter und Funktioralizur Serialisierung und Deserialisierung des
Knotenzustands zur Var§ung gestellt werden. Im darauffolgenden Abschnitt wer-
den exemplarisch einige Renderknoten beschrieben, digdierdas Visualisierungs-
werkzeug integriert sind. Abschlie3end werden einige mpidiche Anwendungsbei-
spiele pasentiert und die Leistunggiigkeit der unterschiedlichen Renderingtechni-
ken diskutiert.

Im zweiten Teil des vierten Kapitels wird eine Anwendung Yisualisierung von
funktionellen Aufnahmen des Gehirns vorgestellt. Zu Begimrd in die funktionel-
le Bildgebung und deren Einsatz auf dem Gebiet der kognifeurowissenschaften
eingetihrt. Hierbei wird die Technik der funktionellen Magnetvaanztomographie
(fMRT) erklart, der Ablauf einer kognitiven Studie beschrieben unddefstatisti-
sche Auswertung der erfassten Daten eingegangen. Ddgrrftbwird beschrieben,
wie die funktionellen Aktivierungen in Kombination mit aoaischen Referenzauf-
nahmen dreidimensional dargestellt werdémiken. Es wird gezeigt, dass mit Hil-
fe der Multivolumenrenderingtechnik aussagdgige Darstellungen erzeugt werden
konnen, die es erlauben die funktionellen Aufnahmen dregdsional zu analysieren.

Dartiberhinaus wird eine erweiterte Renderingtechnik vordgsiei der die Struk-
tur der Gehirnoberache durch Line-Integral-Convolution (LIC), ein Verfahrersaer
Stromungsvisualisierung, hervorgehoben wird. Ziel ist es,@ehirnstruktur klar dar-
zustellen, ohne dabei die innenliegenden Aktivierungeresn zu verdecken. Zachst
werden die mathematischen Grundlagen der LIC-Berechnumg@imrt. Dann wird
gezeigt, wie die Beschleunigungstechnik des dgerten (deferred) Shadings in den
Multivolumenrenderingframework integriert werden kamelche eine performante
Visualisierung der Obeiachenkimmung des Gehirns mittels LIC eaglicht.
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Im dritten Teil des vierten Kapitels wird ein Verfahren zuediten Deformation von
Volumendatend&tzen pasentiert, das beispielsweise in der Chriurgiesmulatingesi
setzt werden kann. Ziel dieses Verfahrens ist es, belieiiygmendaterétze ohne
Vorverarbeitung direkt deformieren zwhknen. Dabei wird die Deformation komplett
auf der GPU durchgéhrt und kann so nahtlos in den Visualisierungsprozesgtiete
werden. Als Basis des Verfahrens dient der sogenannte 3DaadiAlgorithmus.
Nach der Einfihrung der Grundlagen des 3D-ChainMail-Algorithmus, wistejgt,
wie dieser auf die GPU portiert werden kann. Hier wircaatért, wie das vom 3D-
ChainMail-Algorithmus verwendete Deformationsgitter clueine 3D-Textur refdr
sentiert wird, welche Anpassungen des Deformationsvesfahfir die GPU-Imple-
mentierung vorgenommmen werderussen und wie es aglich ist, das invertierte
Defomationsagitteriir die direkte Visualisierung des verformten Volumes esetaen.
Daran anschlielend wird eine volisidig GPU-basierte Deformationspipeline vorge-
stellt, die alle Schritte von der interaktiven Manipulatidurch den Anwendefjber
die Durchfihrung des eigentlichen Deformationsverfahrens, bistirvisualisierung
umfasst.

Kapitel 5: Automatisierte medizinische Volumenvisualisierung

Im funften Kapitel wird die Automatisierung des Volumenvissigrungsprozesses be-
handelt. Diese hat zum Ziel, die Mediziner in ihréglichen Arbeit zu untersgtzen und
standardisierte Vorgehensweisén dlie Visualisierung bei bestimmten medizinischen
Fragestellungen einzitiren. Als Anwendungsbeispiel dient die Analyse von intaak
niellen Aneurysmen. Hierzu werden ZAghst die medizinischen Grundlagen dieser
Aufgabenstellung edélutert und es wird gezeigt, welche Schritie €inen standardi-
sierten Analyse- und Visualisierungsprozesses durcingefverden nissen. Ergebnis
dieses Prozesses sind mehrere vorde nierte Videoseqoedizedie Gehl3struktur im
Gehirn entweder als Gesamtes oder Teilbereiche davoretdanstMit Hilfe dieser Vi-
deosequenzen kann ein untersuchender Mediziner auf benideiseliberpiifen, ob
ein oder mehrere Aneurysmen vorliegen.

Im anschlieRenden Abschnitt wird eine alternative MetHadeie Darstellung von
vorberechneten 3D-Visualisierungen des Untersuchuihisigs, die sogenannten 3D-
Objectmovies, vorgeschlagen. Bei diesen werden an fegtgael&Kamerapositionen
auf einer sphrischen Hille um das dargestellte Objekt Visualisierungen vorberec
net. Mit einem speziellen Betrachtungsprogramm ist es dabgliom, entlang dieser
vorberechneten Ansichten interaktiv zu navigiereiax &ie automatisierte medizini-
sche Volumenvisualisierung wird ein neu entwickeltes Otoj@vieformat vorgestellt,
das speziell an die Anforderungen der Analyse von medidireis Volumendaten an-
gepasst ist. Zuichst wird der Aufbau des Formatsaartert, welches eraglicht, un-
terschiedliche Darstellungen eines Objekts in einem @igeie zusammenzufassen.
Dann wird ein speziell entwickeltes Betrachtungsprogranesthrieben, das auf Java
basiert und als Applet in eine Webseite eingebunden werden.kSo ist es auf einfach
Weise nibglich, ein Objectmovigiber das Internet vaigbar zu machen. Schlief3lich
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wird gezeigt, wie das neue Objectmovieformiat die standardisierte Analyse von in-
trakraniellen Aneurysmen eingesetzt werden kann.

Im dritten Abschnitt desifnften Kapitels wird ein Webservicesystenagentiert,
mit dem die standardisierte Analyse und Visualisierung madizinischen Volumen-
daten automatisiert auf einem speziellen Server aiisgefverden kannUber ein dy-
namisches Webinterface kann ein Anwender VolumendatedeauServer hochladen,
dort werden automatisch Videosequenzen oder Objectmgeéesriert und schliel3-
lich kbnnen die Visualisierungsergebnissger das Webinterface abgerufen werden.
Zunachst wird die Architektur des Systemsaerdert, dann wird @aher auf den soge-
nannten Renderserver eingegangen. Hierbei handelt essiemen Clustercomputer,
bei dem die einzelnen Knoten mit leistungisigen Gra kkarten ausgestattet sind. Zur
Beschleunigung des Visualisierungsprozesses werdendis®$equenzen und Object-
movies verteilt auf den Clusterknoten berechnet und am Eus@mazmengefasst. Ab-
schlie3end wird eindif die standardisierte Untersuchung intrakranieller Apsmen
entwickelte Webanwendung vorgestellt und es werden elreggungsmessungen des
Systems diskutiert.

Kapitel 6: Iterative Entwicklung von medizinischen Volumenvisua-
lisierungslosungen

Im sechsten Kapitel wird ein allgemeines Vorgehensmodeltife iterative Entwick-
lung von medizinischen Volumenvisualisieruriggingen vorgeschlagen. Dieses be-
steht aus vier Entwicklungsstufen, die auf den im Rahmen dbeifentwickelten
Visualisierungskonzepten basieren. Zahst werden die vier Entwicklungsstufen de-
tailliert und es wird gezeigt, welche der vorgestelltenudiksierungsverfahren und
-techniken jeweils zum Einsatz kommemrien. Die erste Entwicklungsstufe be-
schreibt den Zustand der klassischen 2D-Analyse medahiarsAufnahmen. Hier-
auf aufbauend wirdifr die zweite Entwicklungsstufe ein 3D-Visualisierungsptyp
entwickelt und evaluiert. In der dritten Stufe wird dann Hilfe der zuvor gewonne-
nen Erkenntnisse eine speziell an den medizinischen Anwegsldall angepasste in-
teraktive Visualisierungapplikation entwickelt. Scifieh werden in der vierten Ent-
wicklungsstufe die Visualisierungsprozesse automatisied als Service einer breiten
Gruppe von Anwendern zur Vérjung gestellt. In einer abschlieRenden Diskussion
werden die unterschiedlichen Entwicklungsstufen bzgterschiedlicher Fragestel-
lungen miteinander verglichen, z.B. wer ist die jeweiligewiamdergruppe unduf
welche Anwendungélle sind sie geeignet, und anhand konkreter Beispiele aus de
Arbeit veranschaulicht.

Kapitel 7: Schlussfolgerung

Das letzte Kapitel fast die in dieser Arbeit vorgestelltaaudlisierungsverfahren zu-
sammen, hebt noch einmal den Zusammenhang der unterschedlhemen hervor
und gibt einen kurzen Ausblick auf zakftige Arbeiten.









CHAPTER

INTRODUCTION

Modern tomographic medical imaging techniques provide tailéel volumetric in-
sight into a patient's body to a physician. They are appleddifferent purposes,
such as diagnosis, treatment planning, intraoperativeeguae, and postoperative con-
trol. There is a wide range of imaging modalities, which argable for the display
of different anatomical or functional aspects. Frequerglpatient is examined with
different imaging modalities to get an integrated view atos or her disease.

A tomographic scan consists of a number of two-dimensic2B) (mages, also
referred to as slices, which represent cross-sectionsighrthe observed part of the
body. Usually, the 2D slices are taken at equidistant iaiervIin conventional di-
agnosis a medical doctor analyzes a scan slice by slice ahdto reconstruct the
three-dimensional (3D) structures in his mind, which reggiia good spatial sense.
The task gets even harder when the information of scans frffemneht modalities has
to be fused.

To overcome these drawbacks, 3D volume rendering techsilgaee been intro-
duced, which support the visual analysis of the volumetatad In the beginning,
mainly surface-based rendering methods for the visuadizadf explicitly extracted
surface models of anatomical or pathological structuresidated the eld of medical
visualization. But with the ongoing performance increaseashputer hardware, par-
ticularly of programmable graphics processing units (GRUisect volume-rendering
techniques, which directly visualize a volume data setwvitlihe need of an interme-
diate surface representation, gained the abilty to gemdrigh quality visualizations
with interactive frame rates. Thus, direct volume rendgtias been established in
many medical application elds and is nowadays integratg#d most medical visual-
ization environments.

Nevertheless, there is still a wide gap between modern veluisualization tech-
nigues that were recently developed in visualization neseand those that are reg-
ularly employed in medical practice. Especially in the eomtof GPU-based vol-
ume rendering many improvements have been achieved. Buhdoapplication of
these techniques to speci c medical tasks one needs to haplessticated GPU-
programming skills and deep medical knowledge simultasigotrurthermore, when
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a new volume rendering technique is utilized for a specialins purpose, usually a
specialized solution is implemented that can not be porésilyeto other application

elds. To bridge this gap between volume visualization oa tine hand and medical
applications on the other hand is the aim of this thesis. dfoeg, several general vi-
sualization techniques have been developed, which candiy edapted for speci c

medical purposes.

1.1 Medical Volume Visualization

The eld of medical volume visualization involves a wide &ty of different aspects.
Basically, the problem domain can be subdivided into thrgerkaof abstraction (see
Figure 1.1).

4 N
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-,% Automation of Volume-Visualization Processes
N
T {} {} {}
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[0} Interactive Volume-Visualization Applications
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o
S S ST
<
% Volume-Rendering Algorithms
=

Figure 1.1: Hierarchical ordered layers of the medical volume visualizdtiomain.

The lowest layer represents the basic volume renderingnigobs. Here, algo-
rithms should be designed that are appropriate for the Mestimn of medical image
data and that allow the interactive investigation of a dzttaSn this level one has to de-
cide if an algorithm should be specialized in the renderihgeotain kinds of datasets
and visualize them in a determined way, or if it should previgtneral functionality
which can be applied to a wide range of medical data. Furtlféerent algorithms for
the visualization of single volumesifigle-volume renderingand for the combined
visualization of multiple volumesifulti-volume renderingcan be used. Often, there
is a trade-off between the generality of an algorithm andeaitglering performance.

The second abstraction layer is built by interactive mdditsualization appli-
cations that are built on top of the rendering algorithms.eyr'should suit the re-
guirements of medical practice and should support theanti®e analysis of medical
volume datasets in an intuitive way. Thereby, two strategen be pursued. Either
a visualization application provides generic functiotyalivhich can be adopted for
several different medical tasks, or it is designed for a specedical purpose and
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restricts interaction to dedicated functions. While aggglins of the rst type involve
high exibility for experienced users, applications of tketer type can support the
daily work of medical doctors who are not visualization expe

The visualization approaches of the third layer go one sigpér by the automa-
tion of medical volume visualization processes. In clihicautine medical doctors
regularly have to investigate similar medical problems eicample the diagnosis of a
certain disease. Therefore, often informal work ows foe thisual analysis of the ac-
quired volume datasets have been established. By autonudttbese work ows the
visual analysis can be supported and improved. On the ond lo#imer tasks can be
carried out while a computer is performing the automatedaligation; on the other
hand, the visualization results can be provided in a stalzizat way. This allows,
for example, the easy comparison of different cases andostgojne collaboration of
medical experts. Techniques for automated visualizatiulsl incorporate two ob-
jectives. First, it should be easy to initiate an automaisdalization, and, second, it
should be possible to observe the visualization results imtaitive way.

1.2 Thesis Overview

This thesis addresses the problem of medical volume vimatain on all three abstrac-
tions layers shown in Figure 1.1. For each layer generaloamuibblem speci ¢ visu-
alization approaches are presented. Furthermore, iustifited how the approaches
on the different levels complement one another, and how ¢heybe combined to an
integrated solution for visualization in medical applioat

After an introduction to the fundamentals of medical imagamd visualization in
Chapter 2, Chapter 3 regards the lowest abstraction layer ditale/zolume visualiza-
tion. A exible GPU-based rendering technique for multikwme scenes is described,
which allows the design of visualizations on the abstraetllef a so-called render
graph. From this graph GPU shaders for optimized rendeniagignamically gen-
erated. The strength of the approach is its generality. Athmapplied to arbitrary
combinations of volume datasets, which, e.g., are takemdifterent imaging modal-
ities or at different points in time. Furthermore, the m@dwoncept can even simplify
the generation of single-volume visualizations.

In Chapter 4 three interactive visualization applicatione second abstraction
layer of medical volume visualization are presented. Edcthne@m is based on the
before introduced multi-volume rendering technique. tFitisere is a visualization
tool that passes the exibility of the render graph diredthythe user. Intended users
of this tool are medical visualization experts who want ®ate meaningful visualiza-
tions for new medical problems. The second applicatioretarthe eld of cognitive
neuro science. Specialized visualization techniques r@septed that support the si-
multaneous visualization of functional images, which athgred in cognitive studies,
and anatomical reference volumes. At last, a GPU-baseditdgofor deformation of
medical volume datasets is introduced, which can for exarelused in surgery sim-
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ulation. The focus lies here on the direct integration cfiiattive volume deformation
into the visualization procedure

Chapter 5 discusses the automation of medical volume visataln processes — the
third layer of the visualization hierarchy — using the exésrgd standardized analysis
of intracranial aneurysms. First, a technique for the axtgve presentation of pre-
computed visualization results, so-called medical objeaties, is introduced. Then,
aweb-service system is presented which offers automatdygsasiand visualization of
medical image data. After the upload of a medical volumegddtaia a webinterface,
the data is processed in parallel on a GPU-cluster and thergiexd visualizations are
provided for download.

Finally, in Chapter 6 it is shown how the techniques preseirtetlis thesis can
support the development of visualization solutions forcspanedical tasks. An iter-
ative processing model is introduced that starts with tredyais of the requirements
of an expert in the respective medical domain and ends wiibtnaated visualization
processes that can be distributed to a wide group of clinisals. Following this
processing model advanced volume visualization techsigaa be easly adopted for
many medical applications.



CHAPTER

FUNDAMENTALS OF MEDICAL IMAGING
AND VISUALIZATION

Medical volume visualization generates 2D images of voluimelatasets that were
acquired from a patient with a tomographic imaging devideer€ exist several tomo-
graphic imaging techniques, which are appropriate foed#iit medical purposes. For
the analysis and visualization of tomographic datasetge hariety of algorithms and
techniques has been developed, which are often specidbzegrtain tasks. Never-
theless, a common pipeline of processing steps has bediigsta, which is applied
in a similar way for most problems of medical volume visuatian. In this chapter
the fundamentals of this pipeline of medical imaging and&ization are introduced.
Thereby, the focus is laid on those techniques and algosithat build the basis of the
visualization solutions presented in this thesis. Se@idrstarts with a brief introduc-
tion to the most important tomographic imaging techniquésen, in Sectionh 2.2 the
stages of the common medical visualization pipeline am®thiced. Since most visu-
alization techniques that were developed for this thesligeitGPUs, Section 2.3 gives
an introduction to the basics of hardware accelerated ramgdd=inally, in Section 2.4
the technique of direct volume rendering, which builds tnredlament of this thesis, is
explained in detail.

2.1 Tomographic Medical Imaging Techniques

Medical imaging technologies aim to give insight into a eats body without the need
of invasive interventions. They can assist physicians angeons e.g. in the analysis
of pathological structures, in the diagnosis of diseases) the planning of surgical
operations. The discipline of diagnostic medical imagiragliology) has its origins
in the discovery ofX-raysby Wilhelm Conrad Rntgen in 1894105. X-radiation is
electromagnetic radiation with wavelengths in the rangé&Gto 0:01 nm, which is
differently absorbed in different materials.

In medical diagnosis X-rays are generated by a X-ray tub,teeough a patients
body and then recorded on a Im. Basically, the Im measures #ttenuation of
the X-rays by the tissue that they pass while traveling tghotihe human body. The
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d
() (b)

Figure 2.1: Two X-ray images: (a) A historical image of a human hand whiab taken

by Rontgen in 1896. (b) A recent X-ray image of the human thorax (ImagetesuPeter

Hastreiter, University Hospital Erlangen). Please note that the imagagaverted intensities
due to a different recording technique.

attenuation is caused by two processes: X-rays are absbyttée structures they hit,
and X-rays are scattered by the so-called Compton effect. Bongtures have the
highest absorption rates and, thus, appear bright in an Xi#Rage. Other tissue types
show less absorption, which results in darker areas. Figudrshows two exemplary
X-ray images. Image (a) presents one of the rst X-ray phoapgs taken by Bntgen
himself. Here the image intensities are inverted relativenbdern X-ray scans, like
the one shown inimage (b).

The measured X-ray intensitydepends on the initial intensity and a material
dependent X-ray attenuation coef cient It decreases exponentially with increasing
thicknesdd of the passed tissUé§]:

|l =1, e ¢ (2.1)

The product d depicts the attenuatidhof the passed material. Usually, the traversed
tissue does not exhibit a homogenous attenuation behaurs, in general the total
attenuationS is determined by integration of the attenuation coef cgenfl) along
the ray. Then the resulting intensity is

R
=1y e Od (2.2)

An X-ray image represents a 2D projection of the observedatbjrhus, it is dif -
cult to perceive the spatial relationships between the edajructures. Furthermore,
dense material like bone may occlude other details. Fordaison in medical diagno-
sis often two images from different viewing directions aaken. Tomographic imag-
ing methods overcome these drawbacks. Here, an image eepses cross-sectional
2D slice of the scanned object. By taking several 2D slicesséindt positions a 3D
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image of the inner structures of a patient's body can be aeduiThose 3D images
build the basis of medical volume visualization.

There are four major types of tomographic medical imagirgpmegues, which
exploit different physical effects for image acquisition:

Computed tomographfCT) uses X-rays, which are sent from different direc-
tions through the patient's body.

Magnetic resonance imaging/RI) exploits the magnetic behavior of the hy-
drogen nuclei in the patient's body when brought to a stroagmetic eld.

Ultrasound(US) scanning is based on high frequency sound waves, which are
emitted into a body part and re ected at interfaces betweaentissue types.

Nuclear imagingnethods measure the signals of radiopharmaceutical sulesta
when they are processed in the body. The radiopharmacksiibatances are
either injected into a vein positron emission tomograpii?ET) — or adminis-
tered orally -single-photon emission computed tomogra(yECT).

In the following computed tomography and magnetic resoeamaging, which play
a major role in medical volume visualization, are detailElde explanations are based
on the books of Bssel[26], Lehmann et all73], and Preim and Barf®8g]. There the
interested reader can nd more details about CT and MRI as vgediteut the other
imaging techniques.

2.1.1 Computed Tomography

Computed tomography (CT) was introduced by Godfrey Hounsieltio67[52; 53.
It uses the X-ray technology to generate tomographic imafjes basic idea is to mea-
sure the X-ray attenuation along single rays from many @hffedirections around the
examined object. From these measurements a tomograpteasin be reconstructed.

Mathematically CT reconstruction is based on Redon transform This trans-
form describes a two-dimensional functib(x;y) by all integrals along straight lines
over the domain of (x;y). Consider a straight ling .s(l) that is parametically de-
ned and determined by the angle from thex-axis and the distancgto the origin.
Then the Radon transform b{x; y) can be de ned in dependence ofands:

Z 1
R( ;)= f(g s()dl (2.3)

1

Aline of R with = const:is called projectiop (s).

In combination with théourier transformone can reconstruct the original function
f from its Radon transfornR. The Fourier slice theoren{see Figure 2.2) says that
the 1D Fourier transforr® (w) of the projectiorp (s) describes the values of the 2D
Fourier transfornt (u; v) of the functionf (x;y) along a radial line with the angle.
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Figure 2.2: Fourier slice theorem: The 1D Fourier transférnfw) of the projectiorp (s) is
equal to a slice under the anglein the 2D fourier transfornk (u; v) of the original function

f(x;y).

Consequently, the Fourier transfoFngu; v) can be obtained from the Radon transform
R( ;s) and then the original functioh(x;y) can be determined by an inverse 2D
Fourier transformation.

In computed tomography the Radon transform of the positepeddend X-ray at-
tenuation coef cient (x;y) is measured (see Equation2.2). Hence, the previously de-
scribed reconstruction scheme allows the determinatiorfxafy) on a cross-sectional
2D slice through the observed object. However, today moltlsed back projection
is applied[101], which has less computational cost.

First CT scanners used an image acquisition scheme simikigtoe 2.2 left. A
single X-ray emitter/detector pair was translated aloreggdhject and then rotated to
gain the next series of measurements. In contrast to thatemdCT devices use fan
beam emitters and multiple detectors. Thus, a number o&gtions that cover the
whole object can be obtained at the same time and the trangsiaovement is no
longer needed. Moreover, state-of-the art scanners canraagp to 64 slices in a
single rotation around the object by the application of mpldtlayers of emitters and
detectors.

In medical imaging the computed X-ray attenuation valugse normalized into
so-calledHouns eld units(HUs). This normalization maps the attenuation of water

tissue type air fattissue water liver heart kidney  bones

HU Interval -1000 -900...-170 0 20...60 20...50 30...50 ..3800

Table 2.1: Intervals of Houns eld values for selected tissue typék
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(@) (b)

Figure 2.3: Two CT slices through the human head: (a) A conventionak& is which the
bone structure of the skull can be clearly distinguished; (b) A CTA scavhich blood ves-
sels are emphasized by a previously injected contrast agent. (ImagesyoReter Hastreiter,
University Hospital Erlangefd9])

( n,0) to zero and the attenuation of air td.00Q

ho = —22 1000 (2.4)

H,O

Different organs and tissue types are mapped to typicaksofithe Houns eld scale
(see Table 2.1). It can be seen that the intervals of saftitiorgans are similar or
even overlap. Thus, it is dif cult to differentiate thosegsue types. In contrast, bony
structures are mapped to high Houns eld units, which canéarty distinguished. For
the examination of vascular structures of@hangiography{(CTA) is applied. Here, a
contrast agent is injected to the venous system, which esiggsathe blood vessels in
the CT scan. Figure 2.3 shows two CT slices through the humah A& left image
(a) presents a standard CT, the right image (b) shows a CTA wittrast-enhanced
vessels.

2.1.2 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is based on the effect ttoahia nuclei emit an
electro-magnetic signal when stimulated by magnetic el@kis signal can be mea-
sured and used for reconstruction of tomographic slicesutitr the observed object.
For medical purposes usually the magnetic resonance obggdrmuclei is examined.
Therefore, the patient is brought into a strong externalmatig eld. This leads to an
alignment of the hydrogen nuclei, which can be considereshas| dipole magnets,
either parallel or anti-parallel along the magnetic eldurthermore, the nuclei rotate
around themselvesgin) and precess (rotate) around #axis of the magnetic eld
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Figure 2.4. Relaxation of hydrogen nuclei after stimulation witB0a RF pulse: (a) In a
static magnetic eldB the nuclei rotate with the Larmor frequentyaround the axis of the
magentic eld. This leads to a longitudinal magnetizatddn= M. (b) A90 impulse alignes
the nuclei perpendicular tB. This leads to a transversal magnetizatdn= My . (c)-(d)

After the impulse the nuclei dephase in the tifn2 (spin-spin relaxation). (e)-(f) The nuclei
slowly realign with the magnetic eld in the timeT1 (spin-lattice relaxation). (Inspired

by [26])

with a speci cLarmor frequency . This frequency depends on the type of the nuclei
and the strength of the magnetic eld.

When a perpendicula©( ) radio-frequency (RF) pulse signal with the Larmor
frequency is additionally activated the nuclei are movegberdicular to the magnetic
eld and are forced to preceed in phase. After deactivatibthe RF pulse the nu-
clei slowly release the received energy. The resonancalsagter the pulse is called
free induction decayfID). It is originated in two different relaxation effedisee Fig-
ure 2.4). First, there is the the transversal relaxaticso(ehlledspin-spin relaxatiof
which describes the dephasing of the precession irythdirection. The time required
for this relaxation is called 2 and is in the order of a few milliseconds. The second
relaxation process is the longitudinal relaxatispifi-lattice relaxatioh It describes
the realignment of the nuclei with the static magnetic elche time needed for this
process is called T1 and is in the order of a second. The timMesnd T 2 differ for
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Figure 2.5: Two MRI slices through the human head: (a) A T1-weightea wtéch accentu-
ates the brain tissue. (b) A T2-weighted image in which the brain uid is empbdsiData
courtesyBrainWeb[77])

different tissue types.

For image acquisition the spatial position of a voxel is eletbby applying three
additional gradient magnetic elds. A gradient zadirection allows the selection of
a certainxy-slice, because only those nuclei are stimulated for whiehftequency
of the RF pulse is equal to the Larmor frequency, which depemndthe strength of
the static magnetic eld. A second gradientyrdirection is activated right after the
activation of the RF pulse. This encodes yheoordinate of a nucleus in the phase of
the emitted signal. Finally, the-coordinate is encoded in the frequency by applying
a x-gradient during the measurement of the signal. More pebgisn MRI the 2D
fourier transform of the current slice is acquired. By adtivg the y-gradient for
different time spans and measuring the accumulated sigreall activated nuclei at
different points in time during the activation of tkegradient the fourier space, usually
calledk-spacein MRI, is sequentially sampled. The nal image is then obéairby
an inverse fourier transformation.

For MRI imaging the FID signal is not measured directly butatled echos that
are generated by additionE0 RF pulses. Different sequences of RF pulses allow the
accentuation of different anatomical or functional aspeét.g., T 1-weighted images
emphasize the difference between Thkrelaxation times of different material$;2-
weighted images accentuate differences in the fifBeFigure 2.5 shows that if 1-
weighted images different tissue types can be distingdishdile in T2-weighted
images uid signals are emphasized. Furthermore, sevpedlialized MRI sequences
have been developed, which support the diagnosis and eatarirof certain diseases.
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So-called functional MRI (fMRI) is a MRI technique which allovitse measure-
ment of the activations of brain regions while a patient iggrening certain cognitive
or behavorial tasks. It is, on the one hand, frequently adph brain research. On the
other hand, it can support neuro surgeons in the detectidise&sed brain regions. In
Chapter 4.2 the fMRI technique and its application in cogaitieuroscience is further
detailed.

Another application eld of MRI is diffusion tensor imagin@{l). Here, the dif-
fusion of water, described by a diffusion tensor, is measbsea sequence of six MRI
images. DTI allows the extraction of the bers of neural paélys and heart muscles,
because water diffusion shows an anisotropic behaviogaloa bers. The DTI tech-
nigue is, e.g., applied in neuro surgery to locate neurdivpays that should not be
harmed in an intervention.

2.1.3 Discussion

CT and MRI are both tomographic imaging techniques that allmvetcquisition of
three-dimensional information about a patients body. Duéhée different physical
effects on which the two techniques are based, they arelysmlied for different
diagnostic purposes. CT produces a good quality signal fletl structures and for
contrast-enhanced blood vessels, but is less suited faliffieeentiation of soft tissue.
The latter effect is caused by the similar X-ray attenuatitdifferent soft tissue types.
In contrast to that, MRI is not appropriate for the observatbskeletal structures due
to the lack of water, which is basically needed for MRI measwaets. On the other
hand, MRI can provide a high soft tissue contrast and supfwetexamination of dif-
ferent anatomical and functional aspects by the applicadfadifferent measurement
sequences. Summarizing, CT and MRI are complementary tagisigvhich are of-
ten applied in combination to get an integrated view of agrd8 disease. However,
it has to be pointed out that CT is based on ionizing X-rays,cvltan cause can-
cer, while the magnetic elds applied in MRI are not known tor@dnarmful effects.
On the other hand, MRI can not be applied for patients with hheienplants due to
the strong magnetic eld. Futhermore, the contrast agdrsrmay be used for both
techniques can cause allergique reactions in rare cases.

2.2 Medical Visualization Pipeline

The tomographic imaging techniques described in the pusvaection produce de-
tailed 3D image data of a patient's body. The interpretatiod analysis of this data
is a sophisticated task and requires a lot of experience. iddedisualization aims
to support the analysis of medical image data and can pra@deinsights. Thereby,
medical visualization methods follow the general visuatiian pipelind 139 (see Fig-
ure| 2.6), which describes the way from initial data to thel imaage. The rst step
of the pipeline is theacquisitionof input data. This can originate from an arbitrary
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Figure 2.6: General visualization pipeline: Gray boxes represent pgpsieps, white boxes
represent (intermediate) results.

data source, e.g. a numerical simulation, a real-world nreasent, or a data base. In
the ltering step theraw data which is usually not suited for direct visualization, is
transformed into abstraevtsualization dataTypical Itering operations are denoising
of the data or the elimination of uninteresting samples. i step of the pipeline,
the visualizatiormapping transforms the visualization data into a geometric (oF ren
derable) representation and applies additional attriblike size, color, or textures.
Finally, therenderingstep generates displayable imagey appropriate computer
graphics methods.

For medical visualization the general visualization gipelcan be extended to a
medical visualization pipelinkke it is shown in Figure 2.7. It incorporates additional
steps for preprocessing of medical image data and takestidm@ction with the user
into account. The medical visualization pipeline constdtfour major stagesgata
acquisition preprocessingvisualization andvisual analysiswhich are detailed in the
following sections.

2.2.1 Data Acquisition

The data used for 3D medical visualization is acquired byagraphic medical imag-
ing (see Section 2.1). Which imaging technique is appliepedds on the medical
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Figure 2.7: Medical analysis and visualization pipeline. Itis build of seveelipe steps (light
gray) which can be arranged into four major pipeline stages. This pipellleevs approxi-
mately the de nition of Hastreitel49).

task for which the data is taken. Usually, radiologic proleadescribe the way how
images for speci ¢ purposes, e.g. the analysis of a certaeasge, should be taken.
Sometimes several 3D images with different modalities ffedint MRI sequences
are taken to get a more detailed view of a patient.

Tomographic imaging techniques generate series of cexg®onral 2D slices of
the scanned body part. The 2D images can be considered asif2ibhgrids (see
Figurel 2.8 left), in which the pixels represent the data eslat the grid points. The
distance between two grid points depends on the imaging lihpdad is typically
constant in both directions. Moreover, the grid point dists inx- andy- direction are
usually identical. The geometrical position of a grid paiah be determined by mul-
tiplication of the grid point distances ix+ andy-direction with the two-dimensional
index(i;j ) of the grid point. Thus, it has not to be stored explicitly.

For 3D visualization the 2D slices are assembled in@Davolume Here, the
data elements are callewxels(volume elements) and build a 3D uniform grid (see
Figure 2.8 right). To each voxel a unique three-dimensiordgx (i; j; k ) is assigned.
Like for 2D grids, the position of a grid point can be compufezm its index and
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Figure 2.8: 2D grid (left) and 3D grid (right): The data values at the gridtsdblack dots)
are either called pixels (2D) or voxels (3D). Four (2D) respectiveliigigD) neighboring grid
points build a grid cell.

the voxel distances in the three directions. If the slicgéatise ¢-direction) is equal
to the pixel distances im- andy-direction the grid is calle¢tartesian When the
pixel distance differs in at least one direction it is moragmlly calleduniform In

a uniform 3D grid each grid point is connected to six direaghbors (thus, it has
regular topology). Eight neighboring grid points build &oid cell. The data values
at the corners of a grid cell are given by the correspondingigo In-between data
values can be computed by interpolation. Details aboutpotation in 3D uniform
grids are given in Section 2.4.2.

While medical volume datasets are mainly arranged on unifgrios, there are
other grid types which provide a greater exibility by vang spacing, varying topol-
ogy or varying cell types. Those grids can often be found imertcal simulations.
Rectilineargrids andcurvilinear grids are like uniform gridstructured gridswith a
regular topology but allow a better adaption to the undedyata. In rectilinear grids
the spacing in a certain direction can differ throughoutwbleime but is constant be-
tween cells with similar indices. In contrast to that, clingar grids do not restrict the
positions of their grid points.

Unstructured grids have neither prede ned geometry nad@reed topology. Thus,
vertex coordinates and vertex connectivity have to be dtexglicitly. This increases
the storage size and complicates data access and inteopotett provides, on the
other, hand a high degree of exibility. Most popular de¢rahedral grids which are
solely assembled of tetrahedral cells.

2.2.2 Preprocessing and Image Analysis

The preprocessing and image analysis stage aims to enhath@malyze the raw im-
age data for improved visualization. It can consist of uphi@é pipeline steps. In
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the ltering step typical ltering operations, like denoising or corgt@nhancement,
are performed. In theegmentatiorstep anatomical or pathological structures are ex-
tracted. When several datasets should be visualized simedltesly, they have to be
aligned in advance in theegistration step. While lItering operations are regularly
conducted, the application of segmentation and registradepends on the speci c
visualization task. Further on, the order of segmentatimh rgistration can be re-
versed.

Filtering

The ltering step comprises all operations that restriet #imount of data and enhance
it for further processing. As a rst step ofterregion of interes{ROI) is selected that
covers all structures that are relevant for further analydsually, a cuboid sub-volume
is chosen. The selection of a ROI can, on the one hand, aateRibsequent compu-
tations and, on the other hand, improve visualization, beedrrelevant structures are
excluded.

Many ltering operations take theistogramof a data set into account. A histogram
gives for a discrete data value the frequency of its occeg@ma discrete dataset. If a
volume containdN voxels and the data values are in theGet f0;1;::; Gynax 0, the
occurrence probability of a certain data valu2 G is

_ Ng.
PO = (2.5)
whereny is the total number of occurrencesgf

The peaks (local maxima) in a histogram are often relatedceriain tissue type.
This information can be used to enhance important strustame to suppress the dis-
play of tissue that is not relevant. To enhance the overadgencontrashistogram
equalizationcan be applied, which transforms the data values such thaicturrence
of data values is equally distributed in the resulting lgséon. The transformatioh

is de ned as follows: I
xv

T(9) = p(i)  Gmax: (2.6)
i=0
For noise reduction a lter functiok is applied to the volume data set. The general
concept of ltering of a functiorg is the convolution ofy with the Iter function F:
Z 1
g =(g F)(x)= g() F(x )d: (2.7)
1
For discrete images the convolution is expressed as weighita of the discrete signal
g over the discrete Iter kernef with 2N + 1 elements:

X
go(u)=_ glu i) F(i) (2.8)

i= N
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The 1D lItering concept can be easily adapted to 2D imagedov@umes by apply-
ing a 2D lter kernel or a 3D lter kernel.

Since it can be assumed that noise occurs in high frequenygpsal noise reduc-
tion lters are low pass Iters which suppress high frequessc Frequently &aussian
Iter kernel is applied, which represents a discrete varsdbthe symmetric Gaussian
distribution function with the standard deviation

G(x; )= —%?e%: (2.9)

There are numerous lters for other image-processing pggpo E.g., gradient
Iters emphasize edges in an image, which can be useful fosesguent edge detection.
Specialized Iters can enhance certain structures likeebonvessels. More details
about ltering can be found ih73], [98], and[145.

Segmentation

Segmentation decomposes a medical volume dataset intonaicat and/or patholog-
ical structures that are relevant for a speci ¢ visualiaattask. Thereby, segmenta-
tion comprises two aspects. On the one hand, relevant gstaschave to be reliably
identi ed. On the other hand, the shape of a segmented steishould be precisely
speci ed.

Technically, segmentation assigns to each voxel a urtagi@abel) that indicates
its membership to a speci ¢ structure. These tags are storad additional volume, a
so-calledagged volumewhich has equal extent as the original dataset. Most segmen
tation methods work on 2D images. They can be applied to 3Dmes by processing
them slice by slice. However, for some techniques 3D copatés have been devel-
oped.

Segmentation can be performed manually, semi-automatic)lg automatic. In
manual segmentation a user has to mark the voxels that bedcagertain structure
manually on each slice of a volume dataset. This method s tiomsuming and usu-
ally not practical for regular application. In contrastyeautomatic methods perform
segmentation without any user interaction. Since this isghisticated challenge,
most segmentation approaches are semi-automatic. Theyinttkaccount that the
detection of relevant structures is a high-level task, Whscbest performed by a hu-
man, while the delineation of the precise shape of a stractan be better carried out
by a computer. (Semi-)automatic segmentation approacdrese grouped into four
classes:

Pixel-based methods Pixel-oriented segmentation methods only take the intgnsi
of a voxel into account. A pixel is applied to a certain stunetif its intensity lies
within an interval of a lower and upper intensity thresholgor the selection of a
threshold usually the histogram of an image or volume is Mege A local minimum
often represents a threshold that optimally separatesi$aoe types.
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Region-based methods For region-oriented segmentation not only the intensity of
a pixel but also its neighborhood is examined. Erggion growingstarts with one

or more user selected seed points and adds neighboringsvomél the intensity of

a voxel exceeds a user-de ned threshold. The threshold gam de chosen via the
histogram.

Watershed segmentati@onsiders a volume or image as a topographic landscape
with ridges and valleys. The height of a voxel is typicallyrdel by its intensity
value or its gradient magnitude. This landscape is stegivseled”, which leads to a
large number of separated regions, so-catl@thment bassindVhen the water level
exceeds a watershed between two neighboring catchmenhfat®ey are merged.
The algorithm has to be stopped when an appropriate segtioentd the dataset is
achieved.

Edge-based methods Edge-based segmentation techniques try to nd continuous
edges that enclose the searched structure. An importamsesqtative of this class is
livewire segmentatiofi88]. This method uses Dijkstra's graph search algorithm to nd
a path with minimal cost between two user de ned control pin a 2D slice image.
The cost function between two neighboring pixels dependein intensities and on
the gradient magnitude and gradient direction. While ona@tontrol points is xed,

the user can replace the other until the generated edge tsdbie target structure. By
repeatedly adding new control points the complete bounaldihe target structure can
be determined.

Model-based methods Model-based segmentation methods use an initial model that
makes assumptions about size, shape, gray level disorbetc. of the target structure.
This model is iteratively tted to the examined dataset.

An active contour modebr snake[60] is a two-dimensional parametric curve,
which is deformed towards the boundary of the target strechy internal and ex-
ternal forces. Therefore, an energy function is de ned thkatomposed of an inner
energy, which represents the smoothness of the curve, aedt@mal energy, which
is derived from the image's intensity values and gradiengmitades. By minimizing
this energy function a smooth boundary of the target streatan be foundBalloon
segmentatiohl12g extends the snake concept to 3D.

Level-set segmentation techniqii&g1] also use internal (smoothness) and exter-
nal (image) constraints to determine the boundary of a tatgecture. But in contrast
to active contour models, the boundary is implicitly de nbg a so-calledevel-set
function which is evolved under control of a partial differentialuagjon. Level-set
methods can be applied for 2D images and 3D volumes.

Active shape model?ASMs) [23] are parameterized descriptions of the shape of
anatomical structures. They are generated from a numbezfefence datasets by
statistical analysis and describe the main modes of shapsiva. For segmentation
the mean shape of the searched structure is initially placéte target image. Then



2.2. Medical Visualization Pipeline 39

the model parameters (weights) are iteratively adaptetiamoptimal tis achieved,
for example in dependence of the image's gradient magnitude

In [73], [98] and[145 more details about segmentation in general, about the-intro
duced segmentation methods and about further speciakoédigues can be found.
Further moredirect volume renderingrovides a kind of implicit segmentation via
transfer functions Here segmentation information is not explicitly genedateut is
applied on-the- y during rendering. This technique is dlethin Section 2.4.2.

Registration

Registration is the process of nding a spatial transforovathat aligns one medical
image or volume with another medical image or volume. Afegjistration it is easier
to compare the two datasets with each other, and it is pessiljenerate combined
visualizations. There are three major application scesdadr medical image registra-
tion:

Different Points in Time For many medical purposes a patient is tomographi-
cally imaged at different points in time, e.g. to monitor toeirse of a disease or
the effect of a treatment. Registration allows here a betterparison of the ac-
quired image datasets, for example with respect to tumawtirroFurthermore,
registration can be applied for the matching of pre-, intnad postoperatively
taken images. This can ease, for example, the take-oveeopprative analysis
and planning results into the operation room. With coalijpes- and postoper-
ative tomographic scans the success of a surgical inteovecdn be veri ed.

Multimodal Imaging To get a better view of a disease, a patient is often exam-
ined with several different imaging modalities. Before adircomparison the
scans have to be registered because usually the patiefieredily positioned in

the different imaging devices. Furthermore, the differ@oidalities may show
differing imaging errors.

Atlas Matching Often a patient speci ¢ dataset is registered with an attaaskt
that represents the anatomical average of a certain botly fas allows, e.g.,
the comparison of the patient with the average or the easyiidation of certain
structures that are already labeled in the atlas.

Usually, registration is an iterative optimization progels each step rst the trans-
formation is slightly adapted, then one of the two dataseéscordingly transformed,
and nally the quality of the registration with respect toerain similarity measure is
evaluated. If the similarity is not suf cient, the optimizan process is continued.

Registration techniques can be classi ed either by the epguldransformation
type or by the applied similarity measurement. ConcernirgttAnsformation type,



40 Chapter 2. Fundamentals of Medical Imaging and Visualization

we distinguish between methods that apply global transéitions and those that uti-
lize local transformationsGlobal transformationsre de ned by a small set of param-
eters and are applied to the whole dataset in a similar wayatiRos and translations
are typical global transformations. Thesgid transformationsdo not change the ge-
ometry of an object and are usually applied to compensafereifces in the location
and orientation of the imaged structures. More general kamy of af ne transfor-
mation can be utilized for global registration. In contréstal transformationgpply
individual deformations to local areas in a dataset. Thisjie a better compensation
of individual differences in the datasets, which may orgenfrom deformations of
the imaged structures. For local transformations B-sploveslastic models can be
applied.

Regarding the applied similarity measure, one can distgsigbetween geometry-
based measures and intensity-based measuresgeeonetry-based similaritgften
the correspondence of explicitly speci ed control poirgs;called landmarks, is ex-
amined[104]. Alternatively, the results of a preceding segmentatiom loa used to
match corresponding structurdsatensity-based similarity measuresmpare the in-
tensities of voxels in the untransformed dataset with tireesponding voxels in the
transformed dataset. If the two datasets are taken withaime snodality, the inten-
sities can be directly compared. This does not work for irsag&en with different
modalities, for example with CT and MR. Here, oftenutual information a mea-
sure from information theory, is used, which is based on Déi@togram of the two
dataset$136].

For further details about medical image registration armlibpeci c registration
techniques the reader is referred 98] and[145.

2.2.3 Visualization

In the visualization stage the preprocessed 3D volume datanverted into a 2D im-
age. This process is called volume visualization and caseprthe mapping of the
volume data into a renderable representation and the gearerd a 2D projection
(rendering due to this representation. There are three different wayslume visu-
alization (see Figure 2.9), which fundamentally differlie rendering step and also in
the mapping step:

Plane-based Volume VisualizationFigure 2.9 (a)) In plane-based volume visual-
ization a 2D cross-sectional slice of the volume is preskagea 2D image. The slice
is often oriented perpendicular to a coordinate axis, budeno computer graphics
methods also permit the display of arbitrarily orientedesi. In the mapping step a
polygon is computed that represents the 2D cut through thedinog box of the 3D
volume. In the rendering step this polygon is rendered [&yaio the screen and the
corresponding intensity values are mapped to it with 3Duiengy methods. The inten-
sity values are usually mapped linearly into gray valuesiheoretically any kind of
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(b)

Figure 2.9: Three ways of volume visualization of a MRI dataset of a huread:h(a) slice-
based visualization of a cross-sectional cut perpendicular tp-thes; (b) surface-based visu-
alization of the skin; (c) direct volume visualization with a part cut out to ggint to inner
structures.

image processing, like contrast enhancement, could béedppl

The advantage of plane-based volume visualization is nislagity to the tradi-
tional slice-by-slice examination of a tomographic scamug, medical doctors are
already familiar with this way of volume examination. Fuatmore, since the dis-
played information is just two-dimensional, there is nolgpeon with occlusion, which
regularly occurs when 3D data is projected to a 2D image. @nother hand, the
3D relationship of the visualized structures is still nadgented directly and has to be
reconstructed in mind. To partly overcome this drawbacierothree perpendicular
slices are displayed simultaneously and the user can atiegty change the selected
slices.

Surface-based Volume Visualizatior(Figure 2.9 (b)) For surface-based volume vi-
sualization primarily a polygonal 3D surface model — usualitriangle mesh — of a
certain anatomical or pathological structure is extra¢teapping), which is then ren-
dered with standard 3D rendering methods. The surface ncadegither be generated
along the boundary of a pre-segmented structure or alongcalkmisosurface An
isosurface is a surface in a 3D dataset on which the correlapgpimtensity has every-
where the samisovalue It is implicitly de ned by the set of all pointsx in the 3D
dataset, regarded as a continuous 3D functi¢x), for which the difference between
the data valu&/ (x) and the isovaluéso is zero:

| (iso) = fx 2 R%}V(x) iso=0g (2.10)

An isosurface effectively separates a volume dataset ip@rtoutside the isosurface
and a part inside the isosurface.

The most famous method for the extraction of an isosurfaces & volume dataset
is themarching cubes algorithrvhich was introduced by Lorensen and CIiivé).
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This algorithm processes the cuboid cells of the volume (gt Section 2.2.2) in
sequential order. For each of the eight vertex values ofdagil it is checked if it
lies inside or outside the isosurface. There are 256 diiteren gurations of vertex
states which can be summarized to 15 different cases. Fbordahese cases ex-
ists a corresponding triangle con guration that approXesahe isosurface inside the
cell. These con gurations are stored in a look-up table aiedaalded to the generated
surface mesh when a corresponding vertex con guration rscctine position of the
triangle vertices along the cell edges is computed by lingarpolation. The march-
ing cubes algorithm can also be applied to segmented volateekit then so-called
stair-case artifacts occur due to the steep transitiondmrwoxels inside and outside
a segmented region. To suppress these artifacts the segineitime dataset and/or
the generated mesh can be smoothed.

A generated triangle mesh can be directly rendered wittsidalsgraphics hard-
ware support. To achieve a three-dimensional impressidheo$tructure the surface
has to be additionally illuminated and shaded. For thisaedke surface-based vol-
ume rendering technique is often referred teadace shaded display

The advantage of surface-based rendering is its directostipp the 3D graphics
hardware. Butin return the generation of a surface mesh is@ansive pre-processing
step. Furthermore, a surface model presents only onemsttacture of a dataset and
not the dataset as a whole. When different structures of aelashould be analyzed
simultaneously, several surface meshes have to be getharadegendered in combina-
tion.

Direct Volume Visualization (Figure 2.9 (c)) Direct volume visualization does not
use any intermediate representation for rendering butttijraccesses the original
volume dataset. Basically, for each pixaliawing rayis sent through the volume that
accumulates color contributions at equidistant samplatpoiThe color contribution
of a sample point is determined byransfer functiorthat maps the density value at the
sample point into a color and an opacity value. By variatiotheftransfer function
different structures of a dataset can be emphasized or esggm. In direct volume
visualization mapping and rendering builds a unit that canbe separated into two
independent steps.

The advantage of direct volume visualization is the abilityhighlight different
structures of a dataset without the need of costly prepsiegsFurthermore, there are
several rendering and shading techniques by which diftergrects of a dataset can be
emphasized. Clipping techniques can give insight into istreictures, while the outer
shape is provided simultaneously as context. Howevercdu@ume visualization is
more expensive than surface-based volume rendering. Brg ehxést several GPU-
based rendering algorithms that can achieve interactaradrrates for average-sized
medical volume datasets. Thus, direct volume visualinamowadays applicable for
medical practice.

Since direct volume visualization builds the base of theiaization algorithms
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and techniques presented in this thesis, this topic isdudtailed in Section 2.4. In
literature frequently the alternative tewhirect volume renderingan be found, which
is often used exchangeable. In this thesis it is distinguddbetween direct volume
rendering (DVR) as the technique of computing a 2D image thréom a 3D vol-
ume and direct volume visualization as the process of comg@smeaningful visual
representation of the information contained in a volumeskt by means of DVR.
Often, direct volume rendering and direct volume visuditrais shortly denoted as
volume rendering and volume visualization (in contrasuidese-based rendering and
surface-based visualization).

2.2.4 Visual Analysis

The last step of the medical visualization pipeline is theual analysis and interpre-
tation of the displayed data, for example to gain informaabout a disease or for the
planning of a treatment. This task is mainly performed byuker, but it should be
supported by the visualization application by means ofiintiinteraction function-
ality. Ideally, the parameters of any pipeline step can beipudated and the impact
to the visualization result can be directly analyzed.

Concerning the rendering step, a medical visualization sboluld allow the in-
teractive manipulation of the camera position and oriéotat By manipulation of
the mapping step parameters the visual representation afaget can be in uenced.
Since many preprocessing and image analysis algorithmseaneautomatic, the re-
quirement of interaction is immanent for this pipeline gtaginally, the visualization
result could give feedback for the adjustment of the pararseif the applied image
acquisition techniques either for a repeated observatfitineosame patient or for fu-
ture observations of other patients with similar indicasio

This thesis lays its focus on the last two stages of the mbdmaalization pipeline
— visualization and visual analysis — and the interactiaplbetween these two stages.
The preceding steps of the pipeline build the basis of thegmted visualization tech-
niques but are not in the scope of this work.

2.3 Hardware-Accelerated Rendering

Modern computers are equipped with graphics cards, whielsgecialized hardware
extensions for the generation and output of images to aajisjVhile rst generations
were solely responsible for the mapping of text and graptadbe video output, a
contemporary graphics card usually possesses a spediglimeessor for hardware-
accelerated 3D rendering — a so caltgdphics processing un{GPU) — and special
memory for the storage of graphics data. In general, a GPdasaaparallel streaming
processor that is optimized for the parallel synthesinatiba 2D image from a 3D
scene. Originally, GPUs were designed for surface-basatkrang, but they do now
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provide a exible programming model that allows their ajgplion for other purposes.
It is obvious to exploit these capabilities for interactB2 visualization. For example,
GPUs can be employed ef ciently for direct volume rendering

2.3.1 Rendering Pipeline

Starting point of the generation of a 2D raster image from as8Bne by a GPU is
the decomposition of complex 3D objects into geometricahjpives, namely points,
lines, triangles, quads, and planar polygons. The prigstiare de ned by a set of
vertices. These are sent to the GPU as an ordered input sti@esides its position
in 3D space a vertex can hold additional information, like tlirection of the surface
normal or a color. Additional data can be stored in so-caléedures(data arrays),
which are held in the GPU memory. The data elements of a & calledexels
There exist 1D-, 2D-, and 3D-textures. A vertex is mappeddata value in a texture
via additionally attachetkexture coordinatesThey are de ned in a normalized texture
space where a texture has edge length one in each directampl& values at tex-
ture coordinates betwedexelsare computed by interpolation from neighboring data
values.

The processing of the vertex input stream on the GPU is spddy the so-called
rendering pipelingsee Figure 2.10). On an abstract level this pipeline islmfithree
major processing stages:

Geometry Processingn the geometry processing stage the incoming vertices
are rst transformed from their local object space into tieenenon world space
(modeling matrix), then into the view space of the cameravfing matrix) and
nally into the normalized screen space (projection matrixn the primitive
assembly stefhe vertices are joined together to the geometric prinstitheat
they originally formed. Then, in therimitive processing stefhe primitives

are clipped against the view frustum, are transformed imeativo-dimensional
device space and are nally mapped to the viewport.

Fragment Processingln the fragment processing stage the primitives are rst
rasterized intdragmentswhich correspond to pixels in tHeame bufferstorage

of the output image). Furthermore, the vertex attributep,texture coordinates,
are interpolated. Then, per-fragment operations are padd which compute
the nal color from the interpolated vertex attributes ahd torresponding tex-
ture samples.

Compositing In the nal compositing stage the fragments are written te th
frame buffer. But rst, several tests are performed that &iea fragment must
be discarded, for example because of occlusion. If the feangiis not discarded,
its color is combined with the color that is already storethatcorresponding
raster position in the frame buffer. For this purpose, défeeblending rulescan
be applied.
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Figure 2.10: The programmable rendering pipeline. White boxes depidtfuectionality, the
steps in the grey boxes are programmable by shader programs.

The rstgeneration of GPUs implemented xed-function remichg pipelines, which
provided only small adaptability. However, modern GPUsvjate the possibility to
replace some of the pipeline steps by user wrigleader programsFigure 2.10 shows
the programmable graphics pipeline as it is approximatedyized on current GPUSs.
There are three programmable shader units.veftex shadereplaces the vertex-
processing step in the xed function pipeline. Arbitraryrpertex operations, like
transformations, per-vertex lighting or the computatiéteature coordinates, can be
performed. Ageometry shadeintroduces an additional (and optional) pipeline step
after the primitive assembly. Here, a single incoming ptiiei can be replaced by
several outgoing primitives, which for example re ne theusture of a surface. Since
the geometry shader outputs unconnected vertices, thdétigarassembly step has to
be performed again. Finally,feagment shadeprovides the possibility of performing
arbitrary operations on the rasterized fragments, likéutéxg or per-fragment light-
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ing. Since current GPUs support loops and conditional jumps fragment shader,
sophisticated shading operations can be realized.

There are two majoapplication programming interface@PIs) for GPUs with
associated shader programming langua@enGL[93] (open graphics library) with
GLSL[113 (OpenGL shading language) amirectX [85] with HLSL (high level
shader language). While OpenGL is an open standard with meiéations on several
platforms, DirectX is developed by Microsoft and only aghik for Windows environ-
ments. For the implementation of the visualization techegjpresented in this thesis
solely OpenGL and GLSL was applied. Thus, the reader may wo@e nd termi-
nology which is speci c for this technology. Nevertheleds proposed solutions can
be realized with any graphics APl and shader programminguage.

2.3.2 General Purpose Computation on GPUs

The enormous parallel computing capabilities of modern &8ligjgest to be exploited
for non-graphics computations. In fact, an independergaieh discipline dealing
with general purpose computation on GPGPGPU) has been establishé¢d4]. Ba-
sically, any algorithm that ts to the SIMD (single instrimh, multiple data) stream
programming model can be adapted for computation by a GPpicalapplication
elds of GPGPU are grid-based computational problems lik&l dynamicqd48], im-
age processinfp8l, or computer visiori39]. But GPUs have also been employed for
solving systems of linear equatiofd], the simulation of large astronomical n-body
systemd97], and many other tasks. In Section 4.3 of this thesis a GPGg§btitim

is presented that exploits the GPU for interactive volunfermeation.

To use a GPU for general purpose, the general programmingeinfiodstream
processors has to be mapped to the concepts of GPU-baséucgrappgramming. In
general, a stream processor applies a series of operaken®] to all elements in
a set of datagtrean). On a GPU a stream corresponds to a texture (typically a 2D
texture) and &ernelcan be realized by a shader (typically a fragment shader). To
initiate the processing of a kernel, the viewport is set togtze of the stream texture
and a screen- lling quad is rendered. Then the elementseddtittam are automatically
processed in parallel.

For reading operations the stream texture can be bound likeraal texture. For
writing operations it has to be bound as a render targetdénaishader any texel of
an input texture can be accessed, but the output elemerdytrently processed frag-
ment) is determined in advance. Thus, data cagdiberedirom other data elements
in a stream, but it is not possible $oattercomputing results to other elements like the
one currently processed. If intermediate computing resiibuld be communicated
to other elements in a stream, the data has to be written wutipeit element and then
gathered by the other elements in a further render pass. e-lemast GPGPU algo-
rithms employ several render passes in which they applydheesor different kernel
shaders. Furthermore, it is not possible to simultaneoresdg from and write to a
texture in a single render pass. For this reason, a progessireme calleg@ing-pong
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renderinghas been established. Here, the stream texture is dupliaateone texture
is bound as input and the other as output. After each renglpass the two textures
are interchanged to provide the output from the previous pasnput to the next pass.

Due to the success of GPGPU applications, several APIs hese Heveloped
that provide a more general access to the computing caesbdf a GPU than the
classical Graphic APIs. E.g., tlierooklibrary realizes a general stream process-
ing layer that covers the underlying graphics API. TBleDA [91] (compute device
framework architecture) framework by NVIDIA provides aefit stream program-
ming interface for GPUs, which is integrated into the C laanggt Similar ideas are
followed byOpenCL[61] (open compute language) and Microsoft's DirectXdm-
pute Shadet9]. Finally, it can be said that GPUs more and more turn fromigpec
ized processors for graphics purposes to general coparsdss parallel computation
tasks.

2.4 Direct Volume Rendering

In Section 2.2.3 direct volume rendering was introduced ra&s @f three common
techniques for the visualization of a medical volume ddtase contrast to indirect
surface-based rendering, it does produce a 2D projectrecttli from the 3D volume
without employing an intermediate geometrical repregentaDirect volume render-
ing is nowadays regularly applied in medical volume viszeagtion and builds the basic
algorithm for the visualization techniques that are presgim this thesis. This sec-
tion gives details about the concepts of direct volume rendes far as they support
the comprehension of the following chapters. It starts Withtheoretical background,
then covers practical aspects of the volume renderingipgednd nally describes the
two most popular algorithms for GPU-based volume rendeshge-based rendering
and ray casting. For an in-depth overview of modern techesdar volume graphics
and volume visualization the reader is referred to the bgokErgelet al. [28].

2.4.1 Theoretical Background

In general, direct volume rendering generates 2D images fubitrary 3D scalar
elds. A 3D scalar eld can be written as function that mapssjgmns in 3D space to
1D scalar values:

"R Ry x 7! (X) (2.11)

In the context of medical imagesis de ned by a discret regular grid. At positions
outside the boundaries of the volume data setlfthending box is mapped to zero;
scalar values at positions between grid points are compayteéaterpolation from the
scalar values at the surrounding grid points (see Sect@i)2.

Direct volume rendering algorithms usually regard a voluasea distribution of
gaseous particles. For image synthesis the transportldfdigng aviewing raythat
passes the volume and then reaches the camera is mode#idddaes 2.11). Thereby,
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three different types of interaction between the light dreddarticipating media can be
taken into account. First, the particles can partly abgwebricoming light; second, the
passed particles can actively emit light; third, the lighbh de scattered at the partici-
pating media. While scattering may be incorporated for phe#distic rendering, vol-
ume rendering for scienti ¢ purposes usually applies a $iegh emission-absorption
model

Volume Rendering Integral

When the emission-absorption model is employed, the difteakchange of the light
intensity | at a positions along a rayS is described by the following differential
equation: ]
d_ls = (s) I(s)+ q(s): (2.12)
(s) is the so-calleekxtinction coef cient It attenuates the incoming intensitys) at
positions. q(s) is the so-called source term that gives the amount of lighttedhat
positions. Usually,q(s) is substituted by (s) €(s). This takes into account thegfs)
depends on a normalized intensifis) and the density of particles at positisywhich
is indirectly given by (s).
Equation 2.12 is the so-callaslume rendering equatioim its differential form.
The formal solution of the differential equation yields thelume rendering inte-
gral 7

R, s R
1(S)=lg € ssan 4 qsh e <o Mdtgsd (2.13)

Sstart

which gives the light intensity at an arbitrary positis@long the ray. Heré, is the
initial light intensity at the entry poindg,y to the volume. The attenuation factors

RS
t(x;s)= e x & (2.14)

in equation 2.13 lie in the interv@: : : 1] and describe th#ansparencyof the passed
material betweer ands.

Since a scalar eld does not directly represent the propertis) ande(s), they
have to be computed from the scalar valug) at positions. Therefore, transfer
functionsT () andTe( ) are applied that map scalar values to the respective optical
properties. Thus, the extinction coef ciens) and the source termgy(s) are obtained
in the following way:

(s)
qa(s)

T((9);
(s) &s)=T((5) Tal (9)): (2.15)

Numerical Evaluation

To compute the light intensity that reaches the camera from a 1®ythe volume
rendering integral has to be evaluated from the ray's enbigitgo the volume at po-
Sition Sgiart 1O the exit point at positioseg (see Figure 2.11). In general, there is no
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Si+1 Si Sstart
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S e -

Figure 2.11: Principle of direct volume rendering: A viewing ray is tracedt® way to the
camera. While the ray passes the volume, the incoming light intdngsityaltered by emission
and absorption, resulting in the nal intensitythat reaches the camera. For numerical evalu-
ation of the volume rendering integral the ray is sampled at equidistant pesit@ween the
entry pointssiart and the exit poinseng.

analytical solution. Thus, the integral has to be approsx@th@umerically. Therefore,
the interval[Ssiar : :: Send] is divided inton segments of equal lengths = Ssert_Send
Then the transparent{s; ; Senq) Of the material between the positisn= Sgiart +i S

and the end positiose,g can be approximated by means of the Riemann sum:

RS
t(Si;send) = € siend (et

Pnl

Y
e i (0 s— e () s (2.16)
k=i

When approximating the volume rendering integral (see Egué.13) in a similar
way, we get the approximated light intensity

Send

| = 1(Send) = lot(Sstart ;Send) + q(S%t(SQ, Send)dSO
Sstart
y1 X1 y1
lo e &) s+ qs) s e &) s (217)
k=0 k=0 j=k+l
De ning
tt=e ©)s (2.18)

as the approximated transparency and

¢ =q(s) s= (s)&(s) s (2.19)
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as the approximated light intensity of théh ray segment, Equation 2.17 can be rewrit-
ten to

Y1 X1 vl
I lo t + G tj
k=0 k=0  j=k+1

= Gttty (G2t th 2(ch 3+ ti(cot tolg) ) (2.20)

This leads to an iterative computation scheme of the namsityl = |, starting with
the initial intensityl o:
li=c 1+t 1| 1 (2.21)

2.4.2 Volume-Rendering Pipeline

There are several different volume-rendering algorithwisich perform the numeri-
cal evaluation of the volume rendering integral in diffdrerays. However, they all
apply similar processing steps, which can be arranged imargbksolume rendering
pipeline(see Figure 2.12). Starting from the volume dataset, in teessampling stage
the volume is sampled at discrete positions and the cornelipg sample values are
determined. In the secorsthading stagéhe sample values are mapped to colors and
further shading operations like illumination are appliddnally, in thecompositing
stagethe sample colors are accumulated along viewing rays tarotita pixel colors
of the output image. Usually, the three pipeline stages atrstrictly separated but are
repeatedly applied in a loop at different sampling posgicand the nal pixel colors
are iteratively accumulated. Since the sampling stage ednrther subdivided into
data traversalandinterpolationand the shading stage comprisésssi cation andil-
lumination the volume-rendering pipeline consists all in all of veeps, which are
detailed in the following.

Data Traversal

Volume rendering algorithms primarily vary in the way thestlger the volume sam-
ples. Basically, we distinguish betwemmage-orderalgorithms anabject-orderalgo-
rithms. Image-order techniques iterate over the pixelfief hal image and evaluate
for each pixel the volume rendering integral by traversimg ¢orresponding viewing
ray, which starts from the camera, runs through the pixeltaad passes the volume.
Image-order techniques are usually referred tmgsasting[59; 74.

Object-order algorithms sample the volume cell-by-calmpute for each cell the
color contribution and project this color to the image planEhe most prominent
object-order algorithms for regular grids askice-based volume renderirig4; 144
andvolume splatting143.

In Section 2.4.3 the two most important techniques for GReld volume render-
ing, slice-based volume rendering and ray casting, areitéescin detail.
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Figure 2.12: The volume rendering pipeline. It consists of three majorstéigbt gray) that
convert a 3D volume dataset via several intermediate representatiois fokes) into a 2D
image. The three stages are further subdivided into a total number ofipatipe steps (dark
gray) that are repeatedly applied in a loop.

Interpolation

The traversed sample positions usually do not lie direatlg grid point of the sampled
volume grid. Thus, the sample values have to be interpofated the data values at
the surrounding grid points. The simplest interpolatiohesne isnearest-neighbor
interpolation Here, the grid point that is nearest to the current sampbioigt is
evaluated, and the data value of this grid point is used aplsavalue. Nearest-
neighbor interpolation produces discontinuities at thasitions between the in uence
areas of neighboring grid points. Since this leads to \es#tifacts in the nal image,
normally interpolation methods are applied that take mbentone grid point into
account.

Trilinear interpolation computes a sample value from the eight grid points that
form the border of the grid cell in which the sampling poimsli It is based on one-
dimensionalinear interpolation(see Figure 2.13 (a)) of scalar values along a straight
line between two pointX g andX ;. Here, the scalar valug X ) for a pointX between
X andX ; is computed from the scalar valuegX o) and (X ) atXo andX, by the
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Figure 2.13: First-order interpolation: (a) 1D linear interpolation; (b) #Ddar interpolation;
(c) 3D trilinear interpolation

following rule:
_ X Xof
X1 Xoj

This means that the in uence of the poit, linearly decreases with its distance from
X. The same holds foX ;.

One dimensional linear interpolation can be easily extdrtdetwo dimensional
bilinear interpolationin a rectangle (see Figure 2.13 (b)). First, linear intepoh is
applied for one dimension along two opposing edges and tieresulting scalar val-
ues are again linearly interpolated in the second directidre extension tarilinear
interpolationin cuboid cells is obvious (see Figure 2.13 (c)). After ek interpo-
lation on two opposing cell faces the nal scalar value isamd by another linear
interpolation in the third direction. Note that bilineardanilinear interpolation are not
linear with respect to there local coordinates any more.

There are higher order interpolation schemes that incatpdurther grid points.
Even though these techniques deliver a more accurate dpyatien of the underlying
continuous scalar eld, trilinear interpolation is the mé®quently applied interpola-
tion method. This is because of the fact that trilinear jpdédaition is natively supported
by modern GPUs and that the costs for other methods are mghbrhi

X)=1 ) X+ (Xa);  with (2.22)

Classi cation

In the classi cation step the scalar values at the samplogitipns are mapped to the
optical properties of the volume rendering integral (seetiBe/2.4.1). This can be
used to distinguish different objects or materials in a swudataset. Hence, classi -
cation can be exploited for implicit segmentation of instigg structures.

Transfer Functions Classi cation is usually based on transfer functions thae@
global mapping of scalar values to optical properties. loti®a 2.4.1 transfer func-
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tionsT () andTg( ) for the extinction coef cient and the normalized source tegmn
have been introduced. However, in practice the sample sateedirectly mapped to
the optical properties that are applied in the discreteimersf the volume rendering
integral (see Equation 2.20), i.e. the approximated tramsyt and the approxi-
mated light intensity of a ray segment between two sample points (a so-calbd).
More precisely, transfer functioris ( ) for the opacity

=1 t (2.23)

andT,( ) for the color intensity
c=(rg;b; (2.24)

(a RGB color triple) of a ray segment are used. Please notecthggiresents a so-
calledassociatecatolor that already takes the extinction coef cieninto account (see
Equation 2.19). When a transfer function de nes a mappingrioraassociated color
€, the corresponding associated cataran be approximated by multiplyiregwith the
related opacity value.

For many medical volume datasets the mapping of scalar vatueptical prop-
erties does not permit a proper discrimination of differeintictures. For example, in
CT datasets different soft tissue organs are displayed iasinanges of Houns eld
units (see Table 2.1). To improve the discrimination of thféecent structures that
are contained in a dataset, multi-dimensionsional trarfsfections can be applied.
Here, the dimension of the transfer function domain is edgeinby taking additional
information like the gradient magnitude, second ordervddikies and the curvature
measures into account. E.g., Levid¥d] proposed to use the gradient magnitude for
the distinction of object boundaries. Knissal. [63] take a second-order derivative
measure as third dimension to further improve the boundargation. Kindimanret
al. [62] use curvature information to emphasize the contours ofmetric stuctures.

Pre-integration The numerical evaluation scheme of the volume renderirepnat
presented in Section 2.4.1 approximates the underlyinigusegd along a view-
ing ray S by a piecewise constant function (see Figure 2.14 (a)). Tiese a good
approximation the sampling distance has to be chosen wsfert to the maximum
frequency Nyquist frequengythat occurs in . Furthermore, the nonlinearity of the
applied transfer function has to be taken into account gimeeadditionally in uences
the effectivenyquist frequencyf the reconstructed signal. Thus, the sampling rate
that is required to avoid undersampling of the volume reindeintegral is usually
much higher than the sampling rate that is needed for an atkegeconstruction of
the volume data itself.

To overcome these drawbacks, Engehl. [29] proposedore-integrated transfer
functionsfor which the scalar eld is approximated by a piecewise linear function
(see Figure 2.14 (b)). More precisely, the change bEtween two consecutive sam-
pling pointss; ands;;; along a ray is linearly reconstructed by

MH=@ D )+ 1 (sia): (2.25)
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Figure 2.14: Approximation of the scalar eldalong a viewing rays: (a) Piecewise-constant
approximation; (b) Piecewise-linear approximation.

Hence, the opacity; of the slab betweesg ands;.; can be approximated by

Rsivt 1 ( (yat
=1 e s ()

1 e RolT ¢ (1)dd (2.26)
and the coloc; by
Si+1 RSi+1
¢ = To( (9Y)e o~ T (dtggd
ZSil R, o
T((NT( (e 7 ¢ (19 ddI%Gq) (2.27)
0

i andc; only depend on the scalar values = (sj) and ; = (Sj+1) at the start
and the end point of a slab and the distadce si+; S; between these two points.
Consequently, ; andc; can be precomputed from the transfer functiongndT, for
discrete values ofy, 1, andd and stored in a three dimensional lookup table, which
represents the pre-integrated transfer function. When d seanpling distanceé along
all viewing rays is chosen, the third parameteran be eliminated, which leads to a
much smaller two-dimensional lookup table.

In fact, pre-integration separates the sampling of themels scalar eld and the
sampling of the transfer function, which allows much lonemgpling rates than needed
for classical transfer functions.

Implicit Isosurfaces The classi cation step can be alternatively employed fa& th
extraction of an implicit isosurface. Here, it is simply cked if a viewing ray is pass-

ing a speci c isovalue between two consecutive samplinghgss; andsi;; . In the
positive case a prede ned opacityand a prede ned coloc is set as output. Other-
wise the opacity is set 0. This approach can be easily extended to the simultaneous
extraction of multiple isosurfaces by performing the chesjeatedly for several iso-
values. More details about implicit isosurface renderiag e found in Section 4.1.3.
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[llumination

In the illumination step local illumination effects are dipd to the sample colors to
emphasize the three-dimensional appearance of the asdadtructures. Thereby, it
is assumed that the light of a global light source impingea sample point without
scattering or absorption along its way through the volumbe most popular local
illumination model is thePhong mode[95], which aims to create a realistic illumi-
nation lighting effects. However, there exist many illasire shading techniques, like
tone shadind43] or cartoon shadind70], that enhance the perception of an object by
abstraction. An extensive overview about illustrativewné shading techniques can
be found in[27] and[2§]. In section Section 4.1.3 some illumination approaches for
volume rendering are presented in detail.

Most local illumination models incorporate the normal diren of the illuminated
surface. In volume shading the gradient of the underlyiradesceld can serve as the
normal vector because it is identical to the normal vectothenisosurface that passes
the respective sampling point. The gradient at a prirt (Xx;y;z)" in a (discrete)
scalar eld can be approximated byite differences One can, e.g., employ second
ordercentral differences

0 @ _@Xl 0 (x+dwiy;iz)T)  ((x_dxyiz)") 1
- 2dy
- — ((xy+dy;2)T)  ((xy dy;2)T) .
r (0= Q@=ep © 5 K (2.28)
@ =@z (xyiz+d)T)  (xy:z_d)7)

2d,

In regular gridsdy, dy, andd, are usually set to the distances between the grid points in
X-, y-, andz-direction. The gradients can either be precomputed atridgogints or
computed on-the- y at the sampling points. The rst approaequires additional stor-
age for the discrete gradient eld, the second employs gagtdient approximation
during rendering.

Compositing

The nal step of the volume rendering pipeline is the compogiof the sample colors
along a ray to a single pixel color. Basically, the iteratiganputation scheme pro-
posed in Equation 2.21 can be applied. Mapping this scherae taitput coloC and
incorporating the opacity; of an array segment instead of the transparengjelds
the iteration rule

Ci=c 1+(1 i 1)Ci 1 (2.29)

with Cy = Cpack (Cpack IS the initial background color) an@ = C,. This scheme
corresponds to back-to-fronttraversal of the volume samples.

When the samples are traversedront-to-backorder starting from the camera, an
adapted front-to-back iteration scheme

Ci1 =1 &) 1+ Cy;
a1 =1 a&)ii1ta (2.30)
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has to be applied, witle, = 0 and the accumulated opac#yinitialized toa,. The
output colorisC = (1  ag)Cpack + Co.

The above compositing schemes create images in terms ofisbest@ volume
rendering integral (see Equation 2.20). In those imagesiitapt structures can be oc-
cluded by other structures that lie in front. Since this mbgtaict medical diagnosis,
alternativeorder-independentompositing rules have been developed. Eageudo X-
ray rendering builds a weighted sum (weighted with the opag)itsé the sample colors
along a viewing ray. When only gray values are used, thist®suK-ray like images
with which medical doctors are familiar. Imaximum intensity projectiofMIP) the
color of the sample point with the highest intensity alongexwng ray is chosen as
output color of the respective pixel. A typical applicatiohMIP is the visualization
of vessel structures (virtual angiography). The drawbdarder independent com-
positing methods is the loss of depth information in the atijmages.

2.4.3 GPU-based Volume Rendering

Since the volume rendering pipeline can be processed indepdy for each viewing
ray, it is obvious to perform this task in parallel and to derae it by the appli-
cation of a GPU. However, current graphics APIs are desidoethe rendering of
surface meshes and do not directly support volume rendepegations. For this rea-
son, GPU-based volume rendering techniques initializevtheme sampling by the
rendering of some proxy geometry and employ GPU shadersipetipe steps like
classi cation and illumination.

A volume dataset is generally stored in a 3D texture for windddern GPUs na-
tively support trilinear interpolation. Classical transfienctions are stored as look-up
table in a 1D texture, which maps discrete sample valuesutedomponent color vec-
tors (three for the RGB color plus one for the opacily For pre-integrated transfer
functions either 2D textures ( xed sampling distance) or @&Rtures (variable sam-
pling distance) are applied.

A single volume sample is processed by a fragment shadedlaw$o First, the
sampling value at the current sampling position is lookethutpe 3D volume texture
(interpolation). Then, the related color and opacity is read from the terfsinction
look-up table ¢lassi cation) and optionally lighting or other shading operations are
applied {llumination). The sample gradient is either looked up in another 3D textu
that holds precomputed gradients or is computed on the thérlatter case, additional
sample values at surrounding neighbor positions have taehé from the volume
texture. When pre-integration is applied, two sample vahreslooked up, one at
the current sampling position and one at the following samgpposition along the
viewing ray. The nalcompositingstep is either realized in the fragment shader, or the
GPU's compositing unit is utilized for this task.

There are two popular GPU-based volume rendering appredabhemainly differ
in the way the volume data is traversed:
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(b)

Figure 2.15: Two technique for GPU-based volume rendering: (a) Bésed rendering and
(b) GPU-based ray casting. The doted lines show the (imaginary) vieaysgwhich traverse
the gray volume. The thick black lines represent the (proxy) geometngakbich the volume

is sampled. The white points depict the sampling points.

Slice-based Volume RenderingFigure 2.15(d) Slice-based volume rendering is an
object-order volume rendering technique that was espgdesigned for the adoption
of a GPU. Primarily, the cuboid bounding box of the volumeadat is cut into equidis-
tant proxy slices ( at polygons) perpendicular to the catreiewing direction Yiew
aligned. Then, the volume is implicitly sampled by sequentiallgaering these slices
either in back-to-front or in front-to-back order. The pyoslices have to be recom-
puted each time the camera’s position or orientation is gadror when the sampling
rate is adapted. The related 3D texture coordinates of themetexture are attached
to the vertices of the proxy slices. These are automatioatrpolated by the rasteri-
zation step of the rendering pipeline (see Section 2.3.d)can then directly be used
in the fragment shader for the lookup of the related sampleeva

The compositing of the sample values is implicitly perfochiy the compositing
unit of the GPU, which blends the colors of new fragments it colors already
written to the frame buffer. Therefore, the blending rule ha be adequately set
depending on the rendering order of the proxy slices (seatttqu2.29 for back-
to-front rendering and Equation 2/30 for front-to-backdering).

GPU-based Ray Casting(Figure| 2.15(b)) The image-order ray-casting algorithm
is the most straight-forward way to numerical evaluate thlewe rendering integral.
Starting from the camera, for each image pixel a viewing sagaist through the vol-
ume. Therefore, the entry point of the ray to and the exit {pfsom the volume is
computed and then the volume is sampled at equidistant@usibetween these two
points. Since the ray traversal is started from the cambeaitérative front-to-back
compositing scheme is applied (see Equation 2.30).

While ray casting was initially restricted to CPU-based impéaitations or spe-
cial purpose hardwai@0; 94, the exible programmability of modern graphics hard-
ware nowadays also permits interactive GPU-based impl&ens of this algorithm.
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Here, the ray traversal is initialized by rendering the fifages of the volume's bound-
ing box. This creates for each viewing ray a fragment at tleted viewing rays entry
point to the volume. Starting from these fragments, theasponding ray can be cast
through the volume. First GPU-implementations realizesl ay traversal in multiple
passe$68]. But current generations of GPUs support loops and dynanaiedhing,
which allows the realization of the ray traversal within agie shadef123. There-
fore, a loop is implemented that samples the ray startingn fiee implicitly given
entry point at equidistant sampling positions until the iegves the volume. Inside
the loop the pipeline steps interpolation, classi catidlmmination, and compositing
are explicitly applied to each sampling point. To avoid tRpensive computation of
texture coordinates at each sampling point, the ray candi@lzactly in texture space.

Comparing the two rendering approaches, one can say thatlsi®ed rendering
used to show better performance results because of its beption to a GPUs clas-
sical rendering pipeline. However, ray casting in generehtes better rendering re-
sults. The reason for this can be clearly seen in Figure 2M\tiile ray casting uses a
constant sampling distance for all viewing rays, the samgpdiistance slightly differs
from ray to ray when slice-based rendering is applied. Té¢asl$ to two problems. On
the one hand, the volume may be undersampled along viewysghat correspond to
pixels at the image border. On the other hand, the trangfietifun de nes the mapping
of sample values to colors and opacity for a xed samplingatise. The occurring
rendering errors can be reduced by correcting the coloropadities for each view-
ing ray or by using 3D look-up tables when pre-integratioapplied, but this is often
neglected due to the impact on the rendering performancenanaory consumption.

Furthermore, ray casting easily allows the implementatibaptimization strate-
gies. E.g., the ray traversal can be stopped in advazaty(ray terminatiogwhen the
accumulated opacity of a pixel is nearly one since the cabotrdbutions of follow-
ing samples will not be visible. If there are large connecegions that are visualized
completely transparent, the ray traversal can jump ovesethegions without sampling
(empty space skippifgFinally, the sampling rate could be reduced in areas wihere
volume signal shows only small changesl@ptive sampling These optimization
methods can be applied to partly compensate the perforndnaeeback of the ray
casting approach. Furthermore, it can be stated that tlierpence differences more
and more vanish with the ongoing evolution of GPUs.
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FLEXIBLE MULTI-VOLUME RENDERING

In medical practice frequently a couple of different tonaqgric datasets of an antom-
ical or pathological structure are observed simultangotessbchieve a better under-
standing of the addressed medical problem. In Section 2h2e2 typical scenarios
for the combined analysis of multiple volumes have beenris=t. The datasets are
either gathered at different points in time to control thegoess of a disease or of a
treatment; or they are taken with different imaging modkgito get a comprehensive
view of a patient; or a patient speci ¢ dataset is compareith &n atlas dataset, which
represents the anatomical average of the investigatectstes.

In the registration step of the medical visualization pipel(see Section 2.2) the
different datasets are mapped into a common coordinateraysthich eases their di-
rect comparison. Consequently, combined visualizationtddoe generated, in which
the information of the different datasets is displayed tbgein a single image. How-
ever, the direct volume rendering techniques presenteddtidh 2.4 are restricted to
the visualization of single volume datasets. Thus, to supjpe simultaneous ren-
dering of multiple volumesnulti-volume renderingthe algorithms for single-volume
rendering have to be adapted. The major difference is thetfatat a single sampling
position the contributions of several volume datasets habe taken into account.

The simultaneous rendering of multiple medical volume skii®is an ongoing
research topic. E.g., Hastreiter and HBD] presented a system for the combined
visualization of two pre-registered CT and MR datasets otiln@an head for medi-
cal diagnosis; Beyeet al. [7] combined several sampling, shading and accumulation
techniques for a specialized planning system for neurasalripterventions; Jainedt
al. [57] applied different illustrative volume shading technigfi@sthe simultaneous
visualization of anatomical and functional MRI data. Oth@rkvaddresses the multi
volume rendering problem in a more general way. For exaniééand Sakagl8|
and Ferreet al. [32] examined how the information of multiple volumetric datase
can be fused. Chen and TucK&1], Nadeau[90], Grimm et al. [45], Lehmannet
al. and Plateet. al[96] proposed different concepts for the combined rendering
of arbitrary volume datasets.

When several shading and illustration techniques shall bebawed for the visual-
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ization of a single volume, similar algorithmic problemedlifor classical multi-volume
rendering occur. The volume is virtually separated intotipld volumetric objects,
which are shaded independently and then combined in a sSimglge. A typical appli-
cation isfocus+context renderingHere, a focus object is emphasized and surrounding
structures are provided as context information. For exam\fiblaet al.[135, Kruiger

et al. [67], and Bruckneret al. [14] employ this concept for volume visualization.
In [13] Bruckner and Giller cut a volume with multiple clip planes into severaltsar
and create so-called exploded views, like they are knowm freedical illustrations.

Alternatively, an explicitly generated segmentation mése Section 2.2.2) can
be used to separate a volume dataset into several indepestgeats. For example,
Tiedeet al. use an additional tagged volume to apply different colodifferent
anatomical structures. Vega al.[134] employ a similar concept for the visualization
of nerve bers and vascular structures in the brain. Haesat.[51] and Hadwigeet
al. [46] proposed a system where different transfer functions aadis styles can be
applied to the different segmented objects.

Summarizing, it can be stated that there are many concegtslgorithms that
target the combined rendering of multiple volumetric okge¢iowever, the proposed
techniques are usually designed for a certain (medical)cgtion case or cover only
a sub-domain of multi-volume rendering, like rendering afitrmodality image data,
illustrative rendering or rendering of pre-segmented nas.

In this chapter a exible GPU-based multi volume renderingniework that ab-
stracts from these differences and that can be employeddoy mpplication areas is
presented. Thereby, the two major challenges of multitw&wendering, the simulta-
neous sampling of multiple volumetric objects and the siemdous shading of multi-
ple volume samples, are addressed. In Section 3.2 it is showrslice-based volume
rendering and GPU-based ray casting can be extended faeef cendering of mul-
tiple intersecting volumes, and in Section 3.3 a exible dérageneration technique
is introduced that dynamically generates optimized stsafderarbitrary multi-volume
scenes. But rst, in Section 3.1 a detailed introduction ®phoblem domain of multi-
volume rendering is given. The presented concepts whetg@uslished in[107] and
[108 in collaboration with Ralf P. Botchen from the Unive&giStuttgart.

3.1 Introduction to Multi-Volume Rendering

When several intersecting volumetric objects shall be Visea in a single image,
it has to be decided how the different objects contributéneo hal image. For this
multi-volume rendering problem Cai and Saka8] determined three levels of volume
intermixing, which are involved into different stages o ttolume rendering pipeline
(see Figure 3/1). According to the original publicationsthéntermixing strategies are
calledimage-level intermixingaccumulation-level intermixin@ndillumination-level
intermixing.

For image-level intermixindFigure| 3.1 (a)) the volumes are rendered indepen-
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dently and the resulting images are intermixed on a per-piasis. The compositing
of the pixels can either take only the color values into aotaw can be based ad-
ditionally on opacities and/or depth values. Bacumulation-level intermixin@Fig-
ure 3.1 (b)), the visual contributions of the volumes arerimixed per sample. At each
sampling position along a viewing ray the sample values efdifferent volumes are
rst mapped independently to colors and opacitissgding. Then, these values are
intermixed to a single sample color, which is nally accurm@d along the viewing
ray (compositing. In contrast to thatillumination-level intermixingFigure 3.1 (c))
performs the intermixing before shading. Instead of acdatmg independent sample
colors and opacities the different volume samples are ftsadingle merged sample
and then a specialized multi-volume classi cation andnllnation model is applied.

The advantage of the image level intermixing approach isiftgplicity of imple-
mentation. The basic volume rendering algorithm does neg kabe changed; just an
additional image intermixing step has to be appended toigedipe. However, it does
not support correct depth cueing of the volumes, which mag te confusing visual
results.

Both, accumulation-level and image-level intermixing, @aeme this drawback by
performing volume intermixing on a per-sample base. Illation-level intermixing
allows the generation of physically inspired results. PgRay like images can be
generated by rst accumulating the densities of the difiérolume samples and then
mapping the fused densities to gray values. However, ifrttermixed volumes origi-
nate from different imaging modalities, like CT and MR, thalse values of the vol-
umes may have different physical sources and differentasngsually, they can not
be intermixed directly but have to be weighted before. Timseach multi-modality
con guration another multi-volume illumination model hessbe applied. In contrast,
accumulation level intermixing provides the possibilityapply independent transfer
functions and shading styles to the different volumes. @bgrdifferent volumes of
different imaging modalities can be handeled indepengefilirther, different illus-
trative and non-illustrative shading styles can be conbineggenerate comprehensive
multi-volume visualizations. For these reasons, accutimumdevel intermixing is the
most widely used intermixing approach for (medical) mutilume rendering.

When accumulation-level intermixing is used, the multinrak rendering problem
can be divided into three sub-problems. First, a volumeegnd algorithm has to be
applied that can sample several intersecting volumes sameusly. Second, for each
combination of transfer functions and shading styles aiapeed multi-volume shad-
ing procedure has to be provided. Finally, an intermixinig has to be implemented
that creates adequate visualization results for a cerpghcation domain.

The intermixing of the different volume sample colors isofperformed by stan-
dard alpha blending using the recursoxeer operatorf45; 5Q:

out (1 i) ot i

Cot = (1 i)Cout + Ci; 1=1; ;N (3.1)
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Figure 3.1: Three multi volume rendering pipelines with different levels ofrimitang:
(a) Image-level intermixing; (b) Accumulation-level intermixing; (c) llluminatiewel inter-
mixing
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c; and ; are the pre-multiplied color contribution and opacity of itkth volume sam-
ple, andn is the total number of volumes. A problem of this operatohesfact that the
resulting color and opacity depend on the order in which tilames are applied. For
this reason, other intermixing operators have been prapibse calculate a weighted
sum of the single contributions. An example is thelusive opacityoperator of Cai
and Saka$18]. Here, the opacity o is computed similar like above, but the color
values are weighted with their normalized opacity:

o Cis with  sym = i- (3.2)

i=1 i=1

Cout =

Many other multi-volume intermixing schemes have been ldgesl for speci ¢ appli-
cation cases. E.qg., Brucknetal.[14] used fuzzy operators to control the contribution
of different volumetric objects for illustrative rendegin
A special case is the rendering of segmented volumes. Hesiagie volume is

visualized in combination with a segmentation mask thaggfor each voxel a unique
ID . ThisID determines the af liation of the voxel to a speci c region thie dataset,
e.g. an anatomical or pathological structure. When the setatien mask is used
to apply different colors or illumination styles to the difent objectd46; 51; 129;
134, the implicit intermixing rule is as follows:

X . ( 1, ID =i

Cout = i Ci 5 with  jp = )
1 0, else

(3.3)

For multi-volume sampling and multi-volume shading oftpe&alized techniques
have been developed that are adapted to a speci c medicahsoe Examples are
the systems of Hastreiter and EFH0] or Beyeret al. [7]. Those systems usually
provide a selected number of shading options for a xed setadfimes. In con-
trast, general multi-volume rendering systems providesiggand sampling concepts
that make them applicable for a wider range of applicatidbg., Nadead90] and
Chen and Tuckd21] proposed different graph based techniques that both aione ¢
pose complex scenes from several volumetric objects. Grana. presented a
CPU-based ray casting approach that allows to combine eiffeshading operations
for a given scene of multiple volumes. Lehmaatral. focused on the ef cient ren-
dering of multiple volumes on a GPU. Platal. implemented a graphical GPU-
shader composer for the easy manipulation of the displaynailé-volume scene.

The multi-volume rendering framework presented in thisptéafollows a similar
idea like Plateet al.. The visual representation of an arbitrary multi-volumerseis
de ned by an abstract render graph, which is used to genemimized multi-volume
shaders for different multi-volume rendering algorithmis contrast to the shader
composer of Platet al. the render graph hides details about the underlying shading
operations. This allows the creation of complex multi-vo&ivisualizations without
the need of deeper knowledge about rendering and GPUs.
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3.2 GPU-based Rendering Techniques

GPU-based rendering of a single volume is based on the ideader some proxy ge-
ometry for the initialization of sampling, shading and carsiting (see Section 2.4.3).
The shape of the proxy geometry depends on the applied iegdechnique. For
slice-based rendering the volume is cut into equidistaoesland the slices are ren-
dered in back-to-front order. Here, sampling is implicitBalized by rasterization,
shading is performed inside a shader and compositing isditiplperformed by the
blending unit of the GPU. For GPU-based ray casting the ffaces of the volumes
are rendered to implicitly initialize the start positionfstioe viewing rays. Sampling,
shading and compositing are completely performed insidedes.

For multi-volume rendering at each sampling position ndiy @asingle sample
value has to be looked up but one for each participating veldataset. In case that all
participating volumes have equal extent, position, anentation, the same proxy ge-
ometry as for single volume rendering can be applied to dlimes. In more complex
multi-volume scenes, in which the extent, position andfigrdation of the volumes
differ, the single-volume proxy geometries do not matchreiehe proxy geometries
have to be fused rst to a combined multi-volume proxy geamefurther, it should
be taken into account that the bounding boxes of the volurnemtintersect at each
sampling position. So, for ef ciency reasons, it should mswed that a volume is
only accessed at sampling positions that lie inside themwelsi bounding box. Two
techniques for the fusion of proxy geometries, one for dtiased rendering and one
for ray casting, are detailed in the following.

3.2.1 Slice-based Multi-Volume Rendering

Basically, slice-based multi-volume rendering is realibgdlicing the volumes inde-
pendently and merging the proxy slices to complex polygbasc¢over all volumes in
the scene. Listing 3.1 describes this process schemgtiogliseudocode. To avoid
inconsistencies, the volumes in the multi-volume scenganearily transformed into
camera space. Then, all volume bounding boxes are slicedisiguntly along the
viewing direction in xed distances from the camera positisee Figure 3.2). This
leads tomulti-volume sliceseach containing coplanar proxy slices of the different
volumes in the scene. The sampling distance between thévoidme slices is cho-
sen with respect to the volume with the smallest voxel dinoerss The multi-volume
slices are rendered in back-to-front order with a spe@dlighader for multi-volume
shading (see Listing 3.2). Inside this shader the fragmesitipn, which is given in
camera space, is transformed for each involved volume tatspeci ¢ object space
and then each volume is sampled and shaded independentigllyFithe different
sample colors are intermixed to a single output color. Thisrcis blended outside
the shader with the content of the frame buffer. The fusiothefproxy slices that are
contained in a multi-volume slice to combined proxy polygoan be realized in three
different ways (see Figure 3.3):
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void sliceBasedRenderingCPU () {
list  slices, multiVolSlices;

for each volume in scene { /I slice volumes independently
slices.clear(); /I and combine slices to a
sliceVolume(volume, slices); /I single list of
combineWith(multiVolSlices, slices); /Il multi-volume slices
}
for each  multiVolSlice in  multiVolSlices /I render multi-volume slices
switch  intermixingMode /I choose intermixing strategy
case MERGE : /I MERGE
slice mrgSlice = merge(multiVolSlice);
activateShader( shadeMultiVolSliceGPU , mrgSlice.vols);
renderSlice(mrgSlice);
case SEPARATE : /I SEPARATE
for each slice in multiVolSlice {
activateShader( shadeMultiVolSliceGPU , slice.vol);

renderSlice(slice);

}
case INTERSECT : /I INTERSECT

list interSlices = intersect(multiVolSlice);

for each slice in interSlices {
activateShader( shadeMultiVolSliceGPU , slice.vols);
renderSlice(slice);

}

}

Listing 3.1: Pseudocode for slice-based multi-volume rendering on the @Btdrding to
the chosen multi-volume accumulation method different rendering strategiepplied. The
shadeMultiVolSliceGPU shader is given in listing 3.2.

in: vec4 fragPos; list vols;
out : vecd outColor,;

void shadeMultiVolSliceGPU 0 {
vecd4 volSamplePos; float  volSample;
vec4 volColors[vol.numOfVols];

for each vol in vols {
/I loop over multi slice volumes

volSamplePos = vol.trafo * fragPos; /I lookup samples and compute
volSample = lookup(vol, volSamplePos); /I colors for each volume
volColors[vol.num] = shadeSample (vol, volSample); /I independently

}

outColor =  intermixColors (volColors); /I intermix sample colors

}

Listing 3.2: Pseudocode for shading of a multi-volume slice on the GPU. Thplsa of the
different volumes are individually mapped to colorsdhyadeSample and nally accumu-
lated byintermixColors

Merge (Figure 3.3 (a)) This method merges the geometry of all pebixgs in a multi-
volume slice into a single hull, which is not necessarilyvaa This hull is
tessellated and all triangles are rendered with a singldestthat accumulates
the contributions of alh volumes in a multi-volume scene, requiring no shader
switches at all. In return, it suffers from the need to alwaghect the color
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Figure 3.2: Slicing of a two-volume scene consisting of volume V1 and volume M
volumes are sliced at xed distances from the camera postion. Corrdspslices of the
different volumes are combined to multi-volume slices.

contributions of alh volumes, even for those fragments that are just covered by
a subset of volumes. However, the merge technique provide®xibility in
choosing any kind of multi-volume intermixing function.

Separate(Figure 3.3 (b)) This technique is based on the strategyrtdleaach proxy
slice separately. Here, no expensive merge of the volursessls necessary.
For each of than volumes an individual shader is assembled, resulting iroup t
n shader switches per multi-volume slice. In contrast to theotechniques,
the separate method directly blends the color contribubiba single volume
sample into the framebuffer and exploits the fast hardvgaggorted blending
operations. In return, it is limited to standard accumolatiith the over op-
erator (see Equation 3.1). The separate-shader-per-eotamcept avoids the
expensive branching inside a shader, but in exchange it liesithe necessity to
evaluate multiple shaders in regions where volumes overlap

Intersect (Figure 3.3 (c)) The third technique goes one step furtherdndling each
possible combination of intersecting volumes with a défgrshader. This method
divides the regions of intersecting volumes into singlermbaog polygons and
tessellates them. Regarding the shader switches, the upjies|2" due to the
number of possible combinations wfoverlapping volumes. Inside a shader up
to n volumes are observed. Even though the complexity lookerditad, the ad-
vantage of this method is, that each fragment is evaluatldomtce. Moreover,
the multiple volumes are only processed when effectivelded and, thus, no
unnecessary operations are performed. Similar to the ngetgchnique, inter-
secting bene ts from the possibility of using any internmgifunction to merge
the color contributions of the different volumes.

A further discussion of the advantages and disadvantaghs tfiree accumulation
techniques and comparative performance results for diftemulti-volume scenarios
can be found in the next chapter in Section 4.1.
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Figure 3.3: Three types of multi-volume slice fusion on the example of two qyarg proxy
slices: (a) Merge; (b) Separate; (c) Intersect. Each differentlyredloegion is processed by a
separate shader. The gray square illustrates the intersection layemnudtirgolume slice.

3.2.2 Multi-Volume Ray Casting

The basic idea of GPU-based ray casting of a single volunme$setion 2.4.3) is to
render the front faces of the volume's bounding box and theast the viewing ray for
each rasterized fragment. Since modern GPUs provide laapsymnamic branching,
the whole ray traversal can be realized in a single shader.

The obvious approach for raycasting of multiple volumesten@PU extends the
single pass method for single volumes to a three-pass negdeethod that takes all
volumes in a scene simultaneously into account (see Figdje Birst, the front faces
of all volumes' bounding boxes are rendered with activatepth test and the depth
function set td'less than the current depth valueFor each viewing ray, this yields
the rst entry point to a volume in the scene. The coordinaitthese entry points
are stored in a texture. In the second pass, the back facks dbunding boxes are
rendered with the depth function set“greater than the current depth valueThis
generates the exit points from the furthermost volumesggibe rays. Given the entry
and exit points for the union of all volumes, the whole muttiume scene can now
be rendered in a third pass by drawing a screen- lling quad thitializes the rays.
The ray traversal is performed by a single fragment sha@deréads for each pixel the
pre-computed entry and exit points and traverses the vgeveiyn between these points
in front-to-back order. At each sampling position alongrénethe shader evaluates the
color contributions of all volumes in the scene and inteerithem to a single sample
color, which is blended to the ray's output color.

The major disadvantage of this approach is the fact thatclt sampling position
all volumes are evaluated, even if the sampling positiandigtside a volume's bound-
ing box. Alternatively, it can be tested if a sampling poieslinside a volume before
the evaluation is done, but this introduces a huge numbexpresive branching op-
erations, especially for complex scenes.

An alternative multi-volume ray casting technique overesrthese drawbacks by
rst dividing the multi-volume scene into depth-orderedjseents of intersecting vol-
umes and then applying to each of these segments an optishaeeér that only takes
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Figure 3.4: Multi-volume raycasting of a two-volume scek@é (V2 with the obvious three-
pass rendering approach: In the rst and second pass the nédaesgreen and the farthest
(orange intersection points of the viewing rays witfil andV2 are computed. In the third
pass the ray segments between foremost and furthermost intersectitsgreitraversed by a
single multi-volume shader responsible for both volumes.

the currently involved volumes into account. The segmeoniaif the scene is realized
by depth peeling. Figure 3.5 and the pseudocode in Listir®s334 and 3.5 illustrate
the concept of this approach.

The depth peeling starts (Listing 3.3, lines 2-6) with thenpatation of the rays'
entry points similar to the above described three-pass adethlhen, the volume
bounding boxes are rendered once again (Listing 3.3, lie$6) with depth test
set to“less than the current depth valuedind a special shader applied (Listing 3.4,
computeNextLayerGPU ) that “peels away” the rst entry points by comparing
their stored z-values with the z-values of the currentlyde¥ed fragments. This gen-
erates for each viewing ray the second intersection poittt awolume bounding box.
The following intersection points are computed similakiytaking the previous inter-
section points as new start points and again applyingtineputeNextLayerGPU
shader. The highest possible number of intersections péora volumes i2n, since
there can be at mostentry points anch exit points.

The depth peeling algorithm generates layers of ray segnbkat are banded by
two consecutive intersection points, so each segmentrg@s@ constant set of over-
lapping volumes. However, these volume sets can differsscaoray segment layer;
Figurel 3.5 shows this where the green layer consists of tajidt regions of vol-
ume V1 and volume V2. This means that no single shader carerdrudh volumes.
Instead, the ray segment layer has to be further dividedrgescspace into regions
of equal ray segments. To easily determine which volumesnéeesected by a ray
segment the integer arithmetic capabilities of NVIDIAs@nt GPUs (G8 series and
newer) can be exploited. In the depth peeling step a bit vestapplied to each ray
segment, which encodes the intersected volumes —i.e. thentypermutation of af-
fected volumes. Sinc@2-bit integer values are used, the total number of volumes in
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Figure 3.5: Multi-volume raycasting of a two-volume scevié, (V2 with the optimized depth-
peeling approach: The scene is iteratively segmented into three layeeptiygkeling. Each
layer is rendered with several optimized shaders that take only the tyrcemered volumes
(volPernj into account. E.g., the rst layetight green consists of two disjoint regions &f1
andV2which are handeled by two different shaders.

a scene is limited t82, which is suf cient for common scenes. The volume permuta-
tions are stored in an integer texture which is initializathw. The permutation of the
current ray segment layer is computed by incrementally gimgrnthe previous layer's
permutation. For each bounding box the ID of the correspansiolume — encoded
as bit vectowolBit —is given as input to the depth peeling shader (Listing &gl
14-15).

If the currently rendered bounding box face is a front faceralered fragment rep-
resents a point where the volume is entered, so the new vgbenmeutationrcurPerm
is computed from the previous permutatjprevPermby appendingolBit with bit-
wise ORj”, (Listing/3.4, line 15). At back faces the viewing ray isVWaag the volume.
Here, the new volume ID is subtracted by merging the prevmmrsutation with the
bitwise complement " ” of volBit by bitwise AND "&”, (Listing 3.4, line 16).

Basically, a ray segment layer is rendered several times égiazed shaders for
each possible permutation of volumes (Listing 3.5). To dwginecessary computa-
tions for not affected ray segments, each shader rst relaglsey segment's volume
permutation and tests it against the permutation for whiehshader was written. If
they are not equal, the execution of the shader is discar8ette all ray segments
that pass the same overlapping volumes usually cover ctetheegions, and since
dynamic branching is ef ciently performed for coherentgnaents on current GPUs,
the overhead of these tests is relatively low. However, timalver of shaders that have
to be executed per layer 8 1, which is the total number of permutations minus
the zero permutation that covers no volume. This numbertisngequite large even
for small numbers of volumes. It can be reduced remarkablgxpfoiting the de-
pendence of the volume permutations covered by the curagrgagment layer on the
permutations covered by the preceding layer.
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void raycastingCPU() {
activateShader( computeFirstLayerGPU  ); /I generate first depth layer
for each volume in scene {
volBit = 1 << volNum;
renderFrontFaces(volBit);

}

list  prevPermList, curPermList; /I init lists of permutations

curPermList.add(0);

while  (layerNum < maxNumOfLayers) { /I loop over depth layers
activateShader( computeNextLayerGPU ); /I generate next depth layer

for each volume scene {
volBit = 1 << volNum;
renderBoundingBox(volBit);

}
prevPermList = curPermList; /I check permutations of
curPermList.clear(); 1 previous layer

for each prevPerm in prevPermList
for each volPerm in singleBitFlip(prevPerm) {
activateShader( raycastingGPU , volPerm); /I perform raycasting
renderScreenFillingQuad(); 1 for volPerm
if  (anyFragmentWritten())
curPermList.add(volPerm);

}
}
Listing 3.3: Pseudocode for the raycasting procedure on the CPU. Thders
computeFirstLayerGPU andcomputeNextLayerGPU are given in Listing 3.4. The
shaderaycastingGPU is presented in listing 3.5

in: vec4 fragPos; uint voIBit; bool frontFace;
out : vec4 pos; uint volPerm;

void computeFirstLtayerGPU () {

pos = fragPos; volPerm = volBit; /I write position and volume
} I bit vector
void computeNextLayerGPU () {

vec4 prevPos; uint prevPerm, curPerm; /I read previous layer values

readPreviousValues(prevPos, prevPerm); I from textures

if (fragPos.z < prevPos.z) /I discard fragments in front

discard; 1 of previous layer

if (frontFace) curPerm = prevPerm | volBit; /I compute current

else curPerm = prevPerm & "voIBit; 1 permutation

pos = fragPos; volPerm = curPerm;

Listing 3.4: Pseudocode for the computation of ray segment layers on tie GP

At the segment border of a single viewing ray the correspmmnuolume permuta-
tion changes only in a single bit because either a new volsrartered or an old one is
left. For the whole segment layer this means that only thokewe permutations have
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in: uint shaderPerm, float sampleDist;
out : vecd outColor;

void raycastingGPU () {

if (shaderPerm != getSegmentPerm()) /I discard if permutation of shader
discard; 1 and ray segment do not fit

vecd startPos, endPos; /I compute sampling step along

readStartAndEnd(startPos, endPos); 1 the ray

vec4d step = norm(endPos - startPos) * sampleDist;

vec4 pos = startPos; /I start ray traversal

vec4d sampleColor; outColor = vec4 (0,0,0,0);

while  (pos.z < endPos.z) {
vecd volSamplePos; float  volSample;
vec4 volColors[vol.numOfVols];

for each vol in shaderPerm { /I loop over volumes of shaderPerm
volSamplePos = vol.trafo * fragPos; /I lookup samples and compute
volSample = lookup(vol, volSamplePos); /I colors for each volume
volColors[vol.num] = shadeSample (vol, volSample); /I independently

}

sampleColor =  intermixColors (volColors); /I accumulate colors

outColor += (1.0 - outColor.a) * sampleColor; /I blend them to outputColor

pos += step; /I go to next sampling position

Listing 3.5: Pseudocode for raycasting of a ray segment layer on the. GQPRe
shadeSample andintermixColors functions are similar to the functions that are used
for shading and intermixing in slice-based multi-volume rendering (see List)g 3

to be tested that can be generated from the permutationsscblog the previous layer
by single bit ips (Listing[3.3, lines 18-21). To determinehiech permutations have
been covered by a ray segment layer, hardware supportegsamtiqueries are used.
For each tested shader a query is started that returns wiaeth&agment was written
to the frame buffer, which indicates if any ray segment hagd the corresponding
permutation.

3.3 Dynamic Generation of Multi-Volume Shaders

In the previous section two algorithms for GPU-based mudtisme rendering have
been introduced. Both techniques divide the applied proxyrgdry into sections that
cover a xed subset of the volumes in the scene. To achievébése possible per-
formance, each of the proxy-geometry sections is renderédan optimized shader
that takes only the currently covered volumes into accotlihese shaders can all be
written and optimized by hand, but this brings several potd and drawbacks with
it. First of all, the implementation of the multi-volume sfgas is a complex and time-
consuming task. Furthermore, it has to be ensured that ddirglresults for a single
volume does not differ between shaders for different volwmesets. This demands
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the development of many redundant code, which is prone tverFinally, for each
combination of volumes and shading styles new shaders baeimplemented. This
limits the generality of the rendering system and turns #mgh of new visualization
solutions into a task for GPU experts only. The listed drasisacan be overcome by
the introduction of an abstraction layer that allows therdgon of arbitrary multi-
volume shading con gurations on a level that is independéthe underlying render-
ing technique and graphics API. From this abstract de nitaptimized shaders for
any volume subset can be automatically generated.

The encapsulation of low-level graphics APIs by abstrackayers that permit the
access to GPU functionality in a more intuitive and task sp&@y is a common con-
cept. In particular, for GPGPU computations (see SectiB2P several approaches
have been presented. E.g.[iger and Westermarif9] implemented several linear al-
gebra operators, which are evaluated on the GPUlifelibrary of Lefohnet al.[71]
provides high-level data structures for GPUs. Bathl.[16] developedrook a high-
level API for general purpose stream computations on GPUsy\ther systems aim
to ease the use of GPUs for classical graphics purposes. xaompte, Cook[22]
developed a visual tree-based shader language itlade Tregsvhich was primar-
ily implemented by means of a graphical editor by Abram anttatli{1]. Goetzet
al. [42] followed a similar idea and introduced a XML-based visu@dihg language.
McCoolet al.[78] presented a shader algebra with prede ned operators topmiane
shader programs and, thus, to facilitate deferred shadiragp and Bliner[132] and
Boyer[10] developed techniques that merge prede ned shaders to aicedchshader
for complex shading operations. A exible method to combsiggle functions into a
composed GPU shader program was proposed by Falllegal.[33]. This technique
dynamically creates shader programs by combining usem&tbsections of code snip-
pets to various shader algorithms. McGuire ef{a8)] follow a similar approach but
proposeabstract shade tree®r combining the shaders on a graphical level. The pre-
sented idea is based on the shade trees of Cook but automatesritatenation of
input and output values of the tree elements.

In the following a dynamic shader generation concept isgtesl that was es-
pecially designed for the exible con guration of multi-Wome shaders. It is based
on a similar idea like th@bstract shade treeand uses also a graph representation,
the so-calledender graph for shader modeling. The nodes of the render graph en-
capsulate — in contrast to other systems — high-level sgddimctionality, like direct
volume rendering, illumination, or clipping. This allowset concentration on the vi-
sual output during shader design instead of being occupit#dtine combination of
low-level shading operations. Based on the render graphicthdil shaders for differ-
ent multi-volume rendering algorithms and different vokisubsets are automatically
generated. Currently, the system is designed for OpenGL tanshader language
GLSL, but it can be easily ported to other graphics APIs.
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3.3.1 The Render Graph Concept

The render graph allows the description of a complex muliswne shading algorithm
by the combination of severegnder nodesEach render node describes a certain part
of the shading process and the nal GPU shaders are autafiptgenerated based
on the current graph con guration. Unlike a classical scgraph, which permits the
creation and manipulation of complex scenes, the rendphgtescribes the visualiza-
tion of a given multi-volume scene on the level of the shadihg single multi-volume
sample. The description is thereby independent of the ynafiplied volume render-
ing technique. There are three basic types of render nodeshwepresent different
stages of the shading process.

The Scene Node

The root of the entire render graph is always de ned by a sisgene nodewhich
serves as interface between the external description ciciiee objects (e.g. camera,
light sources and volumes) and the graph itself. Theretbeescene node collects the
required information from these objects and passes it otstohildren. To provide
exible access to arbitrary kinds of scene objects, the scede does not perform this
task by itself but delegates it to several sub-nodes. Edgimede is responsible for a
certain scene object. This allows, on the one hand, the etsyration of new scene
objects by appending new sub-nodes. On the other hand,asthadcess strategies,
e.g. to the volume data, can be replaced by more sophistieégerithms for speci c
scenarios without affecting the handling of other sceneabj

Structural Nodes

Starting at the scene node, all volumes are initially tré&guivalently regarding the
shading process. To allow a separate handling of differeluves as a whole or just
parts of themstructural nodesre introduced. These nodes do not directly contribute
to the shading result, rather they provide capabilitiesytoagnically control the eval-
uation of the render graph by branching and manipulatiorredtkinds of structural
nodes are supported:

Splitter Node: The splitter nodeis used to divide the handling of the volumes
into several branches. Therefore, an arbitrary numberaifgg can be created.
Each group contains one or more volumes. Moreover, a vollanebe placed
into several groups simultaneously. Every group results mew branch of the
render graph. Thus, itis possible to de ne different remugstyles for different
volumes or to combine several rendering styles for a singliemwe. This can be
considered as a branching on object level.

Conditional Node: In contrast to the splitter node canditional nodgerforms
a subdivision of the volume objects themselves. This melhasduring the
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shading process only the branch is chosen for which the tondi true. These
conditions are normally evaluated on the basis of the cusample position and
can for example describe the selection of a segmented @teuat the clipping
against an implicitly given geometry, e.g. a plane.

Transformation Node: To spatially separate whole volumes or previously sub-
divided parts of them, it is possible to inserfransformation nodénto the ren-
der graph. This node implements an af ne transformatiorictvis applied to all
volumes that are assigned to the current branch. Therelyneodisplacement
can be realized.

Shader Nodes

The third kind of nodes are thehader nodeswhich exclusively implement low-level
shading operations to compute the resulting image. Theeshamtles can be placed
anywhere in the render graph, and several shader nodes casdagled on a path from
the root down to a single leaf of the graph. In this case, aessar either overwrites
or manipulates the result of a preceding shader node.

3.3.2 A Render Graph Example

The abstract functionality of the render graph and its nadasbe best clari ed by
detailed investigation of a structural example. Figure(®8) presents an exemplary
render graph which is applied to a dual-volume scene. Rermtsare represented
by grey boxes; the colored lines describe the paths of thenves; the black arrows
indicate the parent-child relationship of the render nodl¢ish volumeV1as the hand
dataset and volum¥2 as the bucky ball, the graph results in the image shown in
Figure 3.6 (right).

The mapping of the render graph to its corresponding grapbiatput is started at
the scene node. Here, the two volumes are attached and #iepakh leads through
the graph in top-down manner. The rst splitter nd8plit V1/V2divides the paths of
the volumes into two branches. The hand volume takes thédafich and the bucky
ball takes the right one. Volum¥l passes another splitter no8glit V1/V1which
virtually splits the single path of the volume into two in@gent branches. Both
branches work on the same hand volume but lead to differetesmodes, indicated
by the continuous lines and the dashed lines. Skia Shadenode in the left branch is
responsible for the semi-transparent iso-surface remgl@fi the skin, while théone
Shademode in the right branch performs direct volume renderinthefbone struc-
ture. Both nodes are succeeded by illumination nodes, thatpuate the previously
calculated colors with lighting computations.

Investigating the right branch of no®&plit V1/V2 volumeV2 encounters a con-
ditional nodeCondition V2 This node splits the bucky ball into two halves using a
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V2 Ricky Ball

Spit V1/V2

Spit V1/V1 Condition V2
‘ Skin Shader ‘ ‘ Bore Shader‘ ‘ Iso Shader ‘ ‘ Transform ‘
‘ lllumination ‘ ‘ lllumination ‘ ‘ lllumination ‘ ‘ DVRShader‘

: '

Resllting Sanple Color

Figure 3.6: The abstract render graph on the left structure repisesextene of two volumes
with different rendering styles applied. The resulting image is shown orighte r

clipping plane. The left branch passeslao Shademnode, followed by an illumina-
tion node, resulting in a lighted iso-surface of the rstfadlhe right branch runs into
transformation noddransformthat translates and rotates the other half, before the
direct volume rendering nod@VR Shadedelivers the unlighted color for this path.
Finally, the contributions of the different branches areediaccording to the de ned
intermixing operation.

3.3.3 Render Node Containers

The goal of dynamic shader generation is to convert the atistepresentation of the
render graph into a specially adapted GPU-based shadempndfat can be used for
hardware accelerated multi-volume rendering. To supjst irocess, each render
node has to provide the information that is needed to peritwrohesired task. For this
purpose, a render node builds a container that stores a eetmit variables. These
variables either act as input for succeeding render nodas aoral output value of the
current volume sample. For each of the output variablesath@ifing information has
to be provided:

1. Name and typeA unique name and a data type to permit correct access by other
render nodes.

2. Shader code partPrede ned code that implements the computation of the out-
put variables.

3. Input variables Output variables of previous render nodes on which the eemp
tation of the output variable is based.

4. Externals External parameters and textures that are needed for thatazom-
putation. They are passed to the shaders as uniform vagiable
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5. Scope A variable can either be valid for the whole scene, for aaterransfor-
mation or for a speci ¢ volume.

Which output variables a render node provides, highly depemdits type. The
scene node delivers all information of the given multi-vokiscene to the other nodes
of the graph. This is, e.g., the current camera matrix or tigtjon of a light source.
Additionally, it provides the current sample position ahé tolumes' scalar values,
gradients and curvatures at this position. To facilitat@plex shading algorithms like
pre-integration or isosurface shading, these values sogabvided for the succeeding
sample position along the viewing ray.

A shader node generally computes the sample color for aesi@ume. There
are two major types of shader nodes. Those that are compim@ngesulting color
directly from the current volume sample, e.g. direct volumedering or isosurface
shading, or those that are manipulating the previously egetbsample color to apply
for example illumination or ghosting effects.

Structural render nodes do not directly contribute to thedeging result, which
means that they usually do not provide any output varialdedhn be used by a suc-
ceeding node. Nevertheless, condition nodes have to mreMmbolean condition vari-
able for each outgoing branch that indicates if the relatatdh should be evaluated
due to the applied condition.

By means of the render graph example presented in Sectidh(362 Figure 3.6)
the de nition of output variables and their dependent congas can be illustrated.
Listing[3.6 gives pseudo code for the render node contaiofetise graph's branch
that is detailed in the following. ThBlumination node at the end of the left branch
of condition nodeCondition VV2provides the volume-speci sample coloras output
variable. The associated code part performs standard Hthamgnation based on a
previously computedample coloy the currensample normaland thelight position
(input variables). No external parameters are needed.

The preceedin{go Shadenode serves the requestample coloandsample nor-
mal (output variables). Theample colordepends on theample valuet the current
and the following sampling position (input variables). Hetchosenso value(exter-
nal) lies between these two values #g@mple coloiis set to the pre-de nedso color
(external). Thesample normais linearly interpolated from theample gradienat the
current and the following sampling position.

Sample valuesample gradienand thelight positionare provided by thescene
node. Thdight positionis taken from an external uniform. Tlsample valués looked
up in an externavolume textureThesample gradienis either computed on-the-y or
read from a pre-computegtadient texture Both, sample valueandsample gradient
have volume scope and need the volume-spet@xture coordinateas input. This is
provided as an internal input variable. Finally, nearlycamputations depend on the
sampling positiorwhich is unique for the whole scene.
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/I *xx  scene node

input : sampling position
external : volume texture V1
external : volume texture V2
external : light position
code : compute texture coordinates for V1, V2 and V2 trafo
code : look up sample values;
code : compute gradients;
output :  sample value V1
output : sample value V2
output : sample value V2 next
output : sample value V2 trafo
output : sample gradient V1
output :  sample gradient V2
output : sample gradient V2 next
output : sample gradient V2 trafo
output : light position
/I == left branch of Split V1/v2 kk
/I = right branch of Split V1/V2 okk
/I #  Condition V2  #*x
input : sampling position
external : plane parameters
code : evaluate plane equation for
orginal and transformed sampling position;
output : plane condition
output : plane condition trafo
/I = left branch of Conditon V2 (plane conditon is true) Hkk

1 xx  |SO Shader — ##*

input : sample value V2
input : sample value V2 next
input : sample gradient V2
input : sample gradient V2 next
external : iso value
external : iso color
code : check if iso surface is hit and set color respectively;
code : compute normal by interpolation of gradients;
output : sample color V2
output : sample normal V2
/I we lllumination ook
input : sample color V2
input : sample normal V2
input : light position
code : compute Phong illumination;
output : sample color V2
/I = right branch of Conditon V2 (plane conditon trafo is true) ek

Listing 3.6: Pseudocode that partly represent the render node casttiaeare shown in the
render graph example in Figure 3.6.
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The boolean condition variables served by condition nodedition V2are deter-
mined by the standanolane function

f(x;y;z) = ax+ by+ cz+ d,; (3.4)

which requires thesampling positiorand externally givemlane parameterss input.
Theplane functiordivides the world space into two halves and the conditioratées
of the two outgoing branches are set accordingly to true alse f If the halves of the
clipped volumes are transformed after clipping (like th@emphalf of the bucky ball
in the render graph example), there are in fact two clip @aatedifferent positions.
To realize this, the clip plane function is evaluated twigece for the originabam-
pling positionand once for the previously transformed position p&me functiorand
condition variableshave different outcome for different transformations, ethineans
that they have transformation scope.

3.3.4 Two-pass Shader Assembly

Based on the de nition of output variables, the related shadele, and the depen-
dencies on input variables, it is possible to generate a spd@ader program for the
computation of the nal color of a multi-volume sample. Th#are, the shader gener-
ation process is divided into two passes (see Figure 3.79. iBhpass evaluates the
graph and determines all output variables that have to beuatad for the requested
sample color. This information is stored in the so-caNediable state which is a
structural copy of the render graph that holds only the culyeused variables and
links to the original render graph nodes. In the second espre-computed variable
state is used to combine the associated shader code paitie foal shader program.
The division of the shader assembly into two passes is dartaree reasons:

1. While the computation of the variable state is independgtiite applied render-
ing algorithm, the generation of shader programs can diffiedifferent render-
ing techniques.

2. The generation of different shaders that are responfibldifferent combina-
tions of volumes can be based on the same variable state) Wwagcto be deter-
mined only once for a certain state of the render graph.

3. Itis easier to optimize the generated shader code, ifububvariables that are
required by other render nodes are known in advance.

1st Pass

For the computation of the variable state the render grapfaversed recursively in
depth- rst order and for each render node an associzedble state nodés created
(see Listing 3.7). When a leaf node of the render graph is eshéhis tested if it can
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Render Graph Variable State Shader Programs

Vertex

Fragment

Figure 3.7: The two-pass shader generation algorithm. In the rst pas®tjuired variables
are determined and saved in the variable state. In the second pass the mloggdams are
assembled from prede ned code parts.

(.

provide the sample color, and, if positive, this variablet@ed in the related variable
state node. Furthermore, the applied input variables gregied in a list of required
variables. On the way back to the root of the graph, thisdisetinvestigated for each
passed node and variables that can be provided are repladbdibassociated input
variables. If the render graph con guration de nes a validder, the list of required
variables will be empty in the end.

Branches of the render graph — originating from condition gpiitter nodes — are
evaluated independently on the way down. At the backwanktsal the different
lists of required variables are merged to a single one. Intiadd at splitter nodes
it is determined which volumes are investigated at the diffe branches. Since the
sample colors only have to be computed for still active vaapnthis information is
additionally stored in the related variable state at théneae and propagated to the
required input variables. At conditional nodes for eachgoirig branch the related
conditional variable is added to the list of required vaeaband then processed just
like the others.

A transformation node plays a special role in the variabteegyéng pass. All vari-
ables with volume or transformation scope that are computetie succeeding branch
have to be adjusted due to the de ned transformation. Thedas to be done for the
required variables on the way up to the root. In additionhd $ame volume is exam-
ined multiple times on different branches with differerrtsformations, it effectively
has to be rendered multiple times at different positions.cdpe with this fact, all
volumes that are currently active on a transformation rodednch are cloned, which
means that the clones point to the original volumes and hdg#ianal transformation
matrixes attached. Furthermore, the active volumes atutgpmmg branch of a trans-
formation node are replaced by their related clones. Indbseguent processing steps
of shader generation and rendering, all volumes in the seemginals and clones —
are treated equivalently.
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varList createVarState  (renderNode, targetVar, vols) {

stateNode = new VarStateNode(renderNode); /I create a new variable state node
switch  renderNode.type /I handle render node types differently
case SHADERNODE : /I shader nodes

if (renderNode.isLeafNode())
return  stateNode.checkVarForVols(targetVar, vols);

else {
reqvVars = createVarState  (renderNode.child, targetVar, vols);
return  stateNode.checkVars(reqVars);
}
case SPLITTER : /I splitter nodes
for each branch in renderNode.branches {
tmpVars = createVarState  (branch.child, targetVar, branch.vols);

reqVars = merge(reqVars, tmpvars);

}

return  reqVvars;

case CONDITION : /I condition nodes
for each cond in renderNode.conditions {
tmpVars = createVarState  (cond.child, targetVar, vols);

reqVars = merge(reqVars, tmpvars);
tmpVars = stateNode.addCondVar(cond);
reqVars = merge(reqVars, tmpVvars);
}
return  reqgVvars;
case TRANSFORMATION : /I transformation nodes
newVols = clone(vols);
return  createVarState  (rendeNode.child, targetVar, new\Vols)

}

Listing 3.7: Pseudocode for variable state computation in the rst shadernddy pass. The
render graph is traversed in depth- rst order by recursive inttonaof createVarState
The processing differs for the differnt types of render nodes.

2nd Pass

The code generation pass produces shader programs — cansisa vertex shader
and a fragment shader — that are responsible for a certagesabvolumes and that
are specially adapted to the applied rendering algorithonskce-based multi-volume
rendering and multi-volume ray casting fragment shaderganerated that basically
look like the shaders presented in Listing 3.2 and Listirg) i. Section 3.2. They
differ signi cantly because the shader for slice-basediezmg is just responsible for
the shading of a single multi-volume sample, while the ragting shader performs a
complete traversal of a ray segment. Nevertheless, therghadd intermixing opera-
tions for a single multi-volume sample are similar and carbated equivalently for
both techniques. Both times, the generic shading loop oV@aaiicipating volumes
is replaced by speci c code that avoids expensive brancanthlooping. The same is
done for the intermixing of the single sample colors.

To assemble the multi-volume shading code for a given sebhifnves, the pre-
computed variable state is traversed in depth- rst ordere&ch variable state node
the shader code parts that are associated with the storedlesrare taken and added
to the shader. If a variable has either transformation scop®lume scope, its code
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segment is de ned only once by the render node but is appetodibeé shader several
times for each requested transformation and/or volumeentisely. To ensure the
distinction of the different computations, the variablenas are additionally extended
by a unique per-volume post Xx.

If there are branches in the render graph, the shader codsesndled indepen-
dently for each branch and nally combined. In order to avoithecessary computa-
tions, the code parts of variables of previous render nodegadded to the shader as
late as possible. If a variable is used in all outgoing brasatf a structural node, it
is placed before branching, but if it is only needed for a lgryanch, it is computed
inside exclusively. Conditional branches are evaluatethefassociated conditions —
represented by boolean condition variables — are satisTéiks is realized by nesting
the branches insidé-statements. If a transformation node is placed somewletog/b
a conditional branch and the branching condition dependb@transformation, for
each leaf of the outgoing subtree, the condition has to be&ed as an independent
if-branch in the shader code.

After the traversal of the variable state graph, code foiriteyrmixing of the color
contributions (see Section 3.1) of the different volumeshat different branches is
added to compute the nal output color.

Basically, the assembled multi-volume shading code sthetsdmputation of the
output color for each multi-volume sample from the currearpling position. This
includes, e.g., expensive matrix multiplications thahsfarm the sampling position
from camera space into world, object and texture space. Budatt that these compu-
tations are af ne transformations allows avoiding thesststy linearly interpolating
the results from previously computed sample values inst€hi optimization is not
restricted to af ne transformations, but can be exploited dll linear-interpolatable
functions, e.g. the plane function presented in Equatidn 3.

For slice-based rendering the automatic linear interpoladf varyings between
vertex and fragment shader can be utilized. Thereforeatingerpolatable output
variables have to be additionally labeled and their contmrtas placed inside the
vertex shader. If a non-interpolatable output variablenftbe fragment shader directly
depends on an interpolatable variable from the vertex shadditional code is added
to both shaders, which delivers the input variable to thgrfrant shader by a varying.
However, the number of varying components that can be usedimgle GPU program
is limited and depends on the used graphics hardware. Tdén#md restriction the
number of potential varying components is counted befoserabling the shaders.
If the hardware limit is exceeded the demand of varyings dsiced to the allowed
maximum by placing the computation of some of the interadibg variables in the
fragment shader instead.

The fact that ray casting does perform the whole ray travéosa ray segment
inside a single fragment shader (see Sedction 3.2.2) avbalslitect exploitation of
the vertex shader for optimizations. Nevertheless, ragimgasan as well bene t from
interpolation. Therefore, an initialization step befone ray traversal loop is intro-
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duced. Here, the values of interpolatable variables arepnguted for the rst and
the second sampling point along the ray segment and the saoyshmple step size is
calculated by subtracting the two values from each othsidénthe loop the step size
is used to generate a new variable value from the previoudynerementation.

A further potential for optimization is given by the fact tis@veral volume shading
algorithms, like pre-integration or implicit iso-surfagendering, are not calculating a
color for a single sample position but for the whole slab lwtwo samples. This
means that some variables have to be computed for the cseauling positionf(ont
samplé@ as well as for the following onéb@ack sample Instead of re-computing both
values for each sampling step, it is suf cient just to congpttie new value for the
current back sample and to copy the value for the front safnghe the back sample
of the previous step. In addition, the front value has to laiized before the ray
traversal.

3.3.5 Rendering

Since the described two-pass shader assembly techniguesdahie generation of spe-
ci ¢ shader programs for any subset of volumes, it can bectlyeapplied to the two
multi-volume rendering approaches presented in Sect@nThe CPU-hosted render-
ing procedures for slice-based multi-volume renderingt{hg 3.1) and multi-volume
ray casting (Listing 3.3) require only light adaptions. Tdwenputation of the variable
state (1st pass) has to be performed once before rendernthgesus recomputation
only if the render graph con guration has changed. The atlgor-speci ¢ shader pro-
grams for certain combinations of volumes are generatederyt(2nd pass) the rst
time they are activated during the rendering process. Treegtared for later reuse by
other proxy slices in case of slice-based rendering or athesegment layers in case
of ray casting. Like the variable state the shader prograawe bnly to be regenerated
after changes in the render graph.

In contrast, external parameters, such as the current eaposition or transfer
function settings, are subject to change between consedudimes. For this reason,
each render node provides an individual preparation metiaidrealizes its speci ¢
setups of uniform variables, textures and other hardwa@urees. These preparation
methods are called once per frame for each used shader progra

3.4 Conclusion

In this chapter a exible framework for the simultaneousdernng of multiple volume
datasets has been presented. In relation to the medicalization pipeline introduced
in Section 2.2 this framework covers the visualization stdgere, the dynamic shader
generation technique presented in Section 3.3 repredemt®iapping step. Via the
render graph various visualization rules for a given mutiime scene can be de ned
on an abstract level. From this abstract render graph apeeinGPU shader programs
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are generated, that can be adapted for different rendeppgpaches. In Section 3.2
two techniques for multi-volume rendering have been prieskrthat can bene t from

the shader generation concept: slice-based multi-volendaring and multi-volume
raycasting. Both subdivide the multi-volume scene into sudaverlapping volumes
and apply shaders that only take the currently covered vedumto account. This
avoids unnecessary sampling and shading of not affectetineotiatasets.

The multi-volume rendering framework distinguishes betwéhe sampling step
and the shading step of the multi-volume rendering pipekite accumulation-level
intermixing (see Figure 3.1 (b)). While the render graph spomsible for multi-
volume shading, the rendering techniques described indpe812 are responsible for
multi-volume sampling. The two-pass shader assembly (se&dB 3.3.4) concate-
nates these two steps to an integrated multi-volume remgla@tgorithm. The separa-
tion of sampling and shading allows for the application ofvreampling approaches
without the need to adapt the modules of the render grapts €kibility makes the
framework utilizable for a great variety of visualizatiasks. Some medical applica-
tions are presented in the next chapters.
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CHAPTER

INTERACTIVE MEDICAL VOLUME
VISUALIZATION

In the previous chapter a exible multi-volume renderingrfirework was presented
that is applicable for a wide range of medical visualizatwablems. But while the
framework builds the technical basis for the creation ohkggiality volume-rendered
images, interactive medical visualization applicatioasehto take additional aspects,
like the support of visual analysis and interaction throtlgh user interface, into ac-
count. In this chapter it is demonstrated how the multi-uodurendering framework
can be employed for interactive visualization in differemedical application elds.
Thereby, the focus is laid on the last two stages of the medsaalization pipeline —
visualization and visual analysis — and the interactiver@of the visual output by the
user, as it is illustrated in Figure 4.1. Primarily (Sectibf), a generic multi-volume
visualization tool is introduced that provides a direct mpatation of the render graph
via the user interface. Then (Section 4.2), various viga#ibn concepts for the si-
multaneous visualization of functional and anatomical MRtadets are presented.
Finally (Section 4.3), an algorithm for the interactive aehation of volume datasets
is described that can be integrated seamlessly into theneshisualization process.

' N

[ Visualization ]4—
v

[ Visual Analysis ]—

Interaction

Figure 4.1: This chapter focuses on the visualization and the visual asigge of the med-
ical visualization pipeline. The interactive manipulation of the visual outputeasethy an
integral element of interactive volume visualization applications.
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4.1 Generic Multi-Volume Visualization

The multi-volume rendering framework from Chapter 3 prosgidénigh degree of ex-
ibility. The render graph with its freely combinable renderdes allows the generation
of visualizations for new application scenarios withouw tteed to care about the un-
derlying rendering and shading techniques. Thus, it isals/not to restrict this ex-
ibility to an application programmer only, but to directlyopide it to an experienced
user of a visualization application. In this section a vigadion tool is presented that
was especially designed for the task of generic multi-vawisualization. A medical
visualization expert can directly manipulate the rendapgron a graphical level and
gets direct feedback about the visualization result. Feurntiore, it is easily possible to
integrate new render nodes and to combine them with existi@g. This permits the
fast implementation of new shading techniques and alloudystg their applicability
to certain medical visualization problems.

Several other tools and frameworks have been presenteprthatle application-
independent (multi-)volume visualization functionalitfdadwigeret al. [46] intro-
duced a framework for exible visualization of segmentedwoe data. It allows
the combination of different shading techniques, trangfactions and compositing
modes for explicitly segmented objects of a single volumetdéret al. [67] pre-
sentedClearView a volume-visualization tool that provides intuitive fesicontext
visualizations for arbitrary dataset§olumeShopdeveloped by Brucknest al.[14],
is an interactive system for direct volume illustration. Aeu can interactively ex-
tract focus objects from a volume dataset, manipulate #ygiearances, and attach
annotations. Platet al.[96] presented a multi-volume shader framework for arbitrar-
ily intersecting datasets. Multiple volumes can be comthiwéh so-called lenses to
complex multi-volume scenes. The multi-volume shadersbeaimteractively de ned
by the user via a graphical shader composer.

All these solutions provide a certain visualization metahb the user and most are
restricted to a xed con guration of datasets. In contrdkg visualization tool that is
presented here can be used for several different applicesises, like multi-modality
rendering, rendering of segmented datasets and/or dhixstrvolume rendering, and
those techniques can even be combined into a single imageprBisented work was
partly published in[107 and[10§ in collaboration with Ralf P. Botchen from the
Universigét Stuttgart.

4.1.1 GUI Design and Interaction

The main objective of the generic multi-volume visualieatitool is to provide the
exibility of the render graph directly to the user. For tipsrpose, the graphical user
interface (GUI) consists of three views (see Figure 4.2 ainrender viewshows
the visualization results due to the current scene and regrd@h con guration and
permits interactive manipulation of the camera positioththe mouse. The two other
views are placed above each other on the left hand side oétiter view. The lower
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Figure 4.2: A screenshot of the generic multi-volume visualization tool. The reagter view

on the right shows the visualization result for the render graph coedjim the render graph
view (left bottom). Via context menu new render nodes can be insertedtefaler node view
(left top) provides an individual dialog for the manipulation of the paramsetéthe currently

selected render node.

render graph viewpresents the render graph as a hierarchical tree. The gnaph i
whole can be manipulated by appending and deleting noddstddenodes are stored
in a clipboard and can be re-inserted later. This facilddhbe user to re-con gure the

render graph at higher levels without loosing already ayedrbranches.

If a node of the render graph is selected, the alreweler node vievshows an
individual dialog for the manipulation of the nodes' indival parameters. This may
contain a graphical transfer function editor or controlstfee adjustment of the po-
sition and orientation of a clip plane. Changes in the node \aee either directly
mapped to the underlying render node or have to be expliapiylied by the user.
The second case avoids potentially costly re-renderinonduhe interactive manipu-
lation of parameters. After the changed parameters have dyggied, the effects to
the visualization are shown immediately in the render view.

The con guration of the render graph can be stored perdigtana le for later
reconstruction. This permits, on the one hand, the easpdeption of earlier gener-
ated visualizations. On the other hand, a once generate@rgnaph can be applied
to other datasets from the same application eld. This ptesifor example the pos-
sibility to generate comparable visualizations for simdatasets. The storage of the
render graph is based on XML serialization, which is desctibelow.
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4.1.2 Extensibility

A major strength of the generic multi-volume visualizatimol is the possibility to
easily extend it by new render nodes. These can be combirtcexisting ones for
the creation of new visualizations. The integration of a mnemder node to the system
requires three steps to be carried out:

1. A new render node class has to be implemented. It has toheeited from a
basic node class that is provided by the system.

2. An individual render node view has to be provided that pisrimteractive ma-
nipulation of the render node's parameters.

3. Functionality for serialization and deserializationeofender node's individual
state has to be implemented.

Implementation of New Render Node Classes

As described in Section 3.3.1, there are three basic typesnder nodes: the scene
node, structural nodes and shader nodes. The class ofustiucodes is further sub-
divided into a splitter node, a transformation node and tmmnodes. The scene
node, the splitter node and the transformation node havd fyactionality and can
be directly integrated into a render graph. For shader naddscondition nodes the
system provides base classes that have to be inheritedefamffiementation of spe-
ci ¢ functionality. The basic implementations provide &linctions for integration of
a render node into the shader generation framework. Thastak of a node pro-
grammer is restricted to the implementation of some prededlmethods that have
to provide a node's individual shading functionality. Thesethods are automatically
called during the process of shader generation.

For shader nodes basically four individual methods have ioiplementedfill-
VariableMap , generateShaderParts , prepareGL and cleanupGL . In
fillVariableMap the output variables of a node have to be de ned. In addi-
tion, their dependencies on input variables, their depecids on uniforms (exter-
nals) and their scope have to be given (see Section 3.3.8)fillMariableMap
method is called each time the variable state is recompsta Section 3.3.4). Thus,
changed node parameters can be taken into account for tiableadeclaration. The
generateShaderParts method is called by the shader generator for each gener-
ated shader. Here, the shader code for the computation ofutipeit variables has to
be lled in. This code depends on the previously declarediirvariables. To structure
the code for complex computations, additional local vdealzan be introduced. The
methodgrepareGL andcleanupGL are called before and after the rendering of a
single frame (see Section 3.3.5). They can be used to prapdrando any OpenGL-
speci ¢ settings that are needed for the correct evaluaticthe node's shader code.
In general, they should be used to prepare textures and daubiforms to the current
shader program.
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Condition nodes do not provide output variables for shadingthey need boolean
condition variables to decide which conditional outputimfashould be evaluated (see
Section 3.3.3). These output variables depend on inpuabias from other render
nodes and their computation differs for the different typepossible conditions. For
this reason thédillVariable method is pre-implemented in the condition node
base class, and the de nition of the dependencies of theittondariables is delegated
to a specialized function that is called for each requiratdmn variable.

When a condition node divides a volume into two or more padditeonal clip sur-
faces are introduced into the volume. The normal orientatedong the clip surfaces
differ from the gradients of the volume data. To achieveattrresults for subsequent
computations that are based on the normal direction, eyftilig computations, the
normal has to be adjusted for sample points nearby a cligeerfFor this purpose,
condition nodes provide a normal correction, which is basedn idea presented by
Weiskopfet al.[140. Depending on the distandeof the current sampling position to
the clip surface, on the normaly, of the nearest point on the clip surface and on the
volume normah,, (the gradient) at the sampling position, the normal is adplign
the following way:

11 d > dmax

4.1
0; else (4.1)

Mvol = WNy + (1 W)ncnp ; with w =

If the sampling position is further away from the clip suddban the prede ned max-
imum distancedax, the original volume normal is provided to subsequent rende
nodes; otherwise, the normal of the clip surface is useds Git@ates a layer of nite
thickness along the clip surface and produces good illutimanesults for varying
sampling rates. The condition node base class already gsppe normal adjustment
along clip surfaces but needs as input the clip surfacemdistand the clip surface
normal. These differ for different kinds of conditions aral/a to be provided by the
specialized condition node sub classes.

Individual Render-Node Views

The render node view of the visualization tool shows an iiddial dialog for the mod-
i cation of the state of the currently selected render noske(Section 4.1.1). There-
fore, a render node view factory provides speci ¢ manipoladialogs for the differ-
ent node types. When no node-speci ¢ view exists, a standatd s selected that
does not allow any manipulations. To ensure easy manipulafi parameters, a node
programmer should provide an individual render-node viemefich new render node.
These can be integrated into the system by registratioreaetider node view factory.
There are no restrictions for the design of a render node.viElwus, it can be
implemented in a way that is most intuitive for the manipiolatof the changeable
parameters. However, all render node views should share basic functionality that
controls the transfer of parameter changes to the undgrignder nodes. Namely,
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each render node view should contain a check box that pecimitssing if parameter
manipulations should be directly transferred to the remaele or if they have to be
applied explicitly via an "Apply Changes”-button.

Serialization of Render Graph Con gurations

Serialization is the process to convert the in-memory steéecomplex object structure
into a format that can be used for transportation of the métdion via a network or
for the storage in a le. The process of reconstructing thgabstructure from the
serialized data is called deserialization.

The generic multi-volume visualization tool uses seratian and deserialization
for the storage and reconstruction of the state of the regdgah. XML (extensible
markup language) is used as format for the serialized dat@ad chosen for several
reasons. First, XML has an intrinsic hierarchical struetdrhus, the storage of a graph
structure is straightforward. Furthermore, a lot of liearfor parsing and processing
of XML data do exist. Finally, XML stores the data in humamdable text format.
This permits easy manipulation of a stored render graple statl even allows the
con guration of a complete render graph on a textual level.

The serialization and deserialization of a render graphaisied out by the so-
calledserialization managerwhich uses the document object model (DOM) for the
handling of the XML data. For serialization the serialipatimanager starts at the
scene node and traverses the render graph in depth- rst.oddeach render node a
node element is added to the XML output. Listing 4.1 shows thecstne of such
an element. It has two attributes that give the unitypee of the render node and a
user-de nablename. A node element can have two sub-elemepésameters and
childnodes . Theparameters element encapsulates a couplepafameter
elements that store the state of the current render nodeh [igaameter element
has atype and aname. Thetype determines the data type of the attribute, like
float ,int ,orstring . Thenameis used for identi cation of a certain parameter.
Possible parameters are tii@at elements of a RGB color value orstring  that
identi es a lein which a transfer function is stored. Tlelildnodes element holds
the children of the render node. These children are agatle elements. Hence, a
complete render graph is serialized by recursive nestimpdé elements.

The hierarchical tree structure of the XML output is autanaly generated by
the serialization manager during the traversal of the regdeph. For the storage
of a render node's parameters the respective render nose leés to implement an
individual serialize method. This is called by the serialization manager when a
render node is passed. To hide internals of the XML seri@tindrom the render nodes
the serialization manager provides methods for paramekging for each possible
parameter type.

When a stored render graph shall be deserialized, the gatiah manager rst
deletes the current graph by deleting the single child ofsttene node. Then, the
XML render graph structure is traversed and for each nodeezi¢ a speci c render



1
2
3
4
5
6
7
8
9
10
11
12
13
14

15
16

4.1. Generic Multi-Volume Visualization 91

<node type ="" name="" >>
<parameters>
<parameter type ="" name="" > ... </parameter>
<parameter type ="' name="" > .. </parameter>
<parameter type ="' name="" > ... </parameter>

</parameters>
<childnodes>
<node type =" name="" >

</node>
<node type ="' name="" >

</node>
<childnodes>
</node>
</rendergraph>

Listing 4.1: XML-Structure of a serialized render node.

node object is created and added to its previously genepateght node. The con-
struction of the speci ¢ render node objects is done via aoigcclass. This class
takes the stored node type as input and creates an instatieeatfliated render node
object. After creation, a node's individual state is re¢ainsted via adeserialize
method, which has to be individually implemented for eactdex node type. Similar
to serialization, the serialization manager provides wéshfor taking parameters of
the different types from the XML data.

4.1.3 Exemplary Render Nodes

In the previous section it was shown how new render nodessfwranading techniques
can be easily integrated into the generic multi-volumeafization tool. To permit the
usage of the tool without the need of implementing renderespdeveral nodes for
a wide range of volume-visualization tasks have already lieplemented. Besides
the standard nodes for splitting of volume branches andréorstormation, several
different shader and condition nodes are provided. Themodshader nodes can be
further separated into primary shader nodes that compatediors from the current
sample value and other inputs, and secondary render naatemdmipulate an already
computed output color, e.g. for applying lighting effedtsthe following the currently
available render nodes are presented to give an idea aleocdaplabilities of the system.
These nodes should illustrate the exibility of the vissatation and should show that
it can be applied for many different visualization tasksr &ther applications further
render node types may have to be integrated, which is easslyilple.

Primary Shader Nodes

DVR Node A Direct Volume Rendering (DVR) Nogderforms standard volume shad-
ing. Ittakes the current sample value as input and takeetaeed color from a look-up
table. This look-up table is based on a freely de nable tfan&inction. Per default



92 Chapter 4. Interactive Medical Volume Visualization

a standard transfer function is used that allows the maaiioum of the color channels
independently, but it is also possible to apply task-spetriansfer functions. Option-
ally, pre-integration can be activated. Then, the curradtthe following sample value
is taken to read the precomputed slab color from a 2D prepiaten table.

Isosurface Node An Isosurface Nodeenders a volume's isosurface corresponding
to a certain isovalué. For this purpose, the current sample valyeand the next
sample value ; are retrieved and compared to the isovaluethe following way:

L ((o<=i< 1)_(1<i<= y)

4.2
0; else (4.2)

iSO =
iso indicates if the isosurface is intersected while the vigwiay is passing the slab
from the current sampling position to the next one. To getRG&BA output color a
user-de nable RGBA isosurface color is multiplied wito. Thus, if the isosurface is
not hit, the returned alpha value is zero, and, thereby, theit volume sample will
not be visible at all.

The isosurface is displayed at each surface sample withatine golor, so its ap-
pearance is initially at. To get a 3D impression of the sedaanisosurface Node
should be combined with a render node that applies someiiation effects. Those
usually take the surface normal into account. T¢esurface Nodapproximates this
surface normah by linear interpolation of the volume gradiemys andg; at the cur-
rent and the following sampling position, due to the samplees o and ; and the
isovaluei: _ N

n=ag+(1 ag;; with a = M
J 1 ol

(4.3)
LIC Node Line integralconvolution (LIC) is a technique for the dense visualization
of vector elds. Those vector elds often present measuredimulated ow or can
be derived from scalar elds. Examples for derived vectoldeare the volume gra-
dients or the rst principal curvature vectors of the imjilic de ned isosurfaces. The
rst principal curvature indicates thereby at each surfpomt the direction along the
highest curvature.

A LIC Nodeuses line integral convolution to visualize the rst priplg curva-
tures on a pre-selected isosurface. It can be used forrdhivgt accentuation of the
surface structure of a certain organ or a pathological ftiona First, the isosurface
is extracted in the same way like for the standaasurface Nodand, then, the LIC
computation is applied on the pre-computed curvature @&edtails on curvature and
LIC computation on isosurfaces can be found in section 4.2.3

Secondary Shader Nodes

lllumination Node An Illlumination Noderealizes standard illumination according
to theBlinn-Phong model8]. With the incoming coloc;, , the sample normal and
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the light directionl, the output coloc,,; is computed in the following way:
Cout = KaCin + Kkg(n 1)+ Kks(n h)pcin: (4.4)

The rst term is theambient term the second theiffuse term and the third is the
specular termh is the so called halfway vector between the viewing directicand
the light direction
—_ V + I .
IRk
ka, kg, andkg are re ection coef cients that specify the in uence of théfdrent terms.
The width of a specular highlight, the so-callduninessis controlled by the specular-
re ection exponenp.

An lllumination Nodecan be combined with any primary shader node or even
cascaded with other secondary nodes. The normal dirediasually similar to the
gradient direction at the sampling position, but there areler nodes, e.g. condition
nodes and isosurface nodes, that modify the normal. Foreébson, preceding render
nodes have to provide the sample color and the sample noenragbat.

(4.5)

Cartoon-Shading Node Cartoon shadind70] is an illustrative illumination tech-
nique that imitates the shading style of cartoonists. Tteally paint areas that point
towards the light source in a single constant color, andsatieat point away in an-
other constant color. Cartoon shading produces similarteeby applying distinct
colors depending on the dot prodyet 1) between the surface normal and the light
direction.

A Cartoon-Shading Nodenodi es the incoming sample color by multiplying it
with the following quantized intensity

i(n) = min b’”"%”; 1 (4.6)

i takess distinct values from the sétl=s;2=s;:::;1g. Fors = 2 the result is equal to
classical cartoon shading; fer> 2 there are more than two areas of constant color.

Ghosting Node Ghostingis an illustrative technique that is used to display intérna
features, while simultaneously external structures aseiged as context information.
Therefore, the opacity of the external structures is sekdgtreduced to give view
to the inside. The modi cation of the opacity can, e.g., depen the current view
direction[67] or on features contained in the visualized data itk

TheGhosting Nod@nmplements a ghosting model that modi es the incoming opac-
ity i, by multiplication with a weighting factow due to a user-de nable sphere.
depends on the current sampling positor ( py; py; P;) T, and on the sphere's radius
r and centec = (c; Cy; c)':

(P C)?+(py )2+ (p, cz)z.1

w(p) = max >

4.7)
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The left parameter of themax-function is derived from the standard sphere equation,
normalized with respect to the sphere radius. At the sphamtec this term takes the
valueO, at the sphere surface it is 1, outside the sphere it is grdaal. Thus,w

has an quadratic progression fr@no 1 inside the sphere and is clampedltby the
max-function outside the sphere.

Recolor Node TheRecolor Nodenodi es the incoming sample color by multiplying
it with another user-de ned color. In combination with cathah nodes, this allows
the de ntion of the shading style for a whole volume data set the manipulation
of the basic output color after the evaluation of the condsi Especially for the
visualization of segmented data (see below) this is a hifipifictionality.

Condition Nodes

Plane Condition Node A Plane Condition Nodseparates the active volumes into
two halves along one or more clip planes. Tha clip plane is de ned by its standard
clip plane function

cp(p) = apx + bipy + cp, + di; (4.8)

with p = (px;py;P.)" as the current sampling position. Whep(p) is greater
or equal to zero, the current sampling position lies on ode sif the plane; if it
is less than zero, it lies on the other side. To decide whidigang branch of a
Plane Condition Node with n clip planes should be chosen thelane condi-
tionscp(p) Oare conjuncted by logical ands:

8

< 0: v =0
branch(p) = izlcn(p) - (4.9)

"1, else

Sphere Condition Node A Sphere Condition Nodeuts the volume scene into two
parts along the surface of a sphere. One part is the sphesgkeiand its surface; the
other part is the area outside the sphere. The sphere shape taplicitly described
by the standard sphere equation, which depends on the Sptemeerc = (c; ¢,;c,)"
and its radiug . The branch selection rule is as follows:

0, (P &)*+(py ¢)°+(p. ) r?50

branch(p) = I else

(4.10)

Tag Condition Node A tag volume is a volume dataset in which each voxel holds
a unique integer IDtag). This tag indicates the af liation of the voxel to a certain
structure that is contained in the dataset. The tag volumeitiaer represent explicitly
segmented anatomical or pathological structures (seé8¢&t#.2) or can be derived
from a standardized medical atlas.
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A Tag Condition Nodeses an explicitly applied tag volume to separate the incom-
ing volumes into several distinct objects. It can have aitrary number of outgoing
branches, and to each branch one or more tags can be asskpmdtag can be as-
signed solely to a single branch. To decide which branchldhmichosen at a certain
sampling positiorp, rst, the af liated tag t(p) is evaluated by a nearest neighbor
lookup in the tag volume. Then, it is checked for each outgdiranchi if t(p) is
contained in the applied tag skt In the positive case this branch is chosen.

Since nearest neighbor lookup for evaluation of a tag is ,usedborder of a vi-
sualized object may show blocky step artifacts. To avoid, ttiie object borders can
be alternatively smoothed by trilinear interpolation,tasas proposed by Hadwiget
al. [46]. Therefore, the tags for the eight neighboring voxels ofraing position are
looked up in the tag volume. Then, it is checked for each aatgbranch if the tags
of the eight neighbors are contained in the branch's taglsethe positive case, the
respective voxel gets an intermediate ID1pbtherwise0 is applied. From these IDs
a oating point membership value for the current samplingipon is computed by
trilinear interpolation. If this value is greater th@rb, the current sampling position is
belonging to the resepective tag set and the associatedhoianhosen. A drawback
of this smoothing method are the higher costs for the aduititookups in the tag
volume.

4.1.4 Case Studies

To demonstrate the exibility of the presented generic irutiume rendering tool,
it was applied to several medical use cases, which are eetealthe following. In
addition, several performance measurements of the systetind different setups are
presented, and the advantages and drawbacks of the differhering techniques
introduced in Section 3.2 are discussed. The visualizaéisults of the example setups
and the corresponding render graphs are shown in Figurend.Bigure 4.4.

Neuroradiological Diagnosis

The rst use case is an example from the eld of neuroradiataydiagnosis for the
detection of malformations of cerebral blood vessels. is thse a CTA scan of the
patient's head is taken in which the vessel structures agghasized by a previously
injected contrast agent (see Section 2.1.1). In additidiRAa scan, that accentuates
the brain tissue, is acquired to get the patient speci cti@aship between the blood
vessels and the anatomical structure of the brain. The CTAtleadVRI scan are
co-registered in a preprocessing step before visual dgagno

Figure/ 4.3 shows an example visualization (Setup 1) of this-tolume scene.
The images (a-c) in the top row illustrate different vismation steps during the com-
position of the render graph. The images in the bottom row ¢ie corresponding
render graph con gurations. The goal of the visualizatisrtd present the intracra-
nial brain vessels in relation to the surrounding skull amdhie context of the brain
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Figure 4.3: Multi-Volume Setup I: Combination of a CTA dataset and a relatetl ddRset
of a human head. The MRI dataset provides the skin and brain tissueveltisally cut and
the two halves are moved away from each other to get insight to the innetuses. The CTA
dataset contains the skull and the vessels which are rendered witleniffeansfer functions.
The top row shows three stages (a-c) of an interactive multi-volume vistiafizgession. The
bottom row shows the corresponding render graph con gurations.

structure. Therefore, the visualization path of the twaums is rst split into one
branch for the MRI volume and two branches for the CTA volume Bpbtter Node
Then, the MRI volume, which contains the skin and the brasugs is rendered with
aDVR nodeand the surface structure is emphasized by the combinaft@Gartoon-
Shading Nod&nd anlllumination Node To get insight into the inner structures, the
MRI head is divided vertically by &lane Condition Nodand the two halves are ro-
tated and moved away from each other by fivansformation NodesThe rst branch

of the CT volume is responsible for the visualization of thalsl~or this purpose, a
DVR Nodewith a transfer function that extracts the bone tissue aridradardllumi-
nation Nodds applied. On the second CT branch the vessel structureeitisedskull

is extracted. Primarily, &phere Condition Nodis applied, which approximates the
brain volume by a sphere and cuts away all vessels outsigesphiere. Then, BVR
Nodewith a transfer function that extracts the vessels is agdcmally, the vessels
are emphasized by cartoon and Phong shading.
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lllustration with Ghosting and LIC

lllustrative volume rendering techniques become more aoknmportant in medical
volume visualization because they permit to emphasizéa sant information in the
datasets while nonrelevant information is suppressed. a\thg major application
of illustrative volume rendering is the creation of illusions for presentation and
education, it can also be used for diagnostic and analyticqaes.

Figure 4.4 (a) (Setup II) shows an illustrative medical mutiume visualization
that was generated with the generic multi-volume visutibzetool. It presents a two-
volume scene that consists of a MRI dataset of a human head secoad dataset
that contains the explicitly segmented brain from the rstaket. The whole MRI
volume is shaded with DVR and illuminated with Blinn-Phongdimg. Additionally,
a Ghosting Nodds appended, which subsequently increases the transpaoérec
sample with respect to the center and radius of the predespéére. By this means,
the inside brain becomes visible, which is rendered asamitiated isosurface with an
additional 3D LIC computation applietl iC Nodeg to emphasize the surface curvature.

Functional Brodmann Areas

In the next use case (Figure 4.4 (b), Setup Ill), the braia dathe previous example
is subdivided into several functional regions due to a gBesdmann brain atlagl 1].
Therefore, the MRI head is again shaded with DVR and illuna@datith Blinn-Phong
but with another transfer function as in the previous seluyg upper half of the head
is cut away by &lane Condition Nodewhich is placed in front of th®VR node
The brain is initially shaded with DVR, with a gray value tréarsfunction applied,
and also illuminated. Then, Bag Condition Nodeés attached, which takes the brain
atlas as tag volume. Several tag groups are de ned, and toaagoing branch of the
Tag Condition Nod& Recolor Nodas attached, which multiplies the incoming gray
values with a pre-de ned color.

Pre-segmented Anatomical Structures

For the last example (Figure 4.4 (c), Setup V) similar vigsion concepts like in
the previous setup are applied to another combination efsetd. Here, a simulated
MRI dataset of the BrainWeb databalgke 77] is visualized in combination with a
corresponding anatomical segmentation volume. The seg@mvolume assigns to
each voxel a unique ID of the tissue type to which the voxebibgs. First, the whole
MRI dataset is shaded and illuminated with a gray value teanfsinction applied.
Then, aTag Condition Nodevith the anatomical segmentation volume as tag volume
is attached and conditional output branches for skin, sigodly matter, white matter,
and vessels are de ned. To each of these branch®scalor Nodes attached to give
the different tissues individual colors. In addition, skskull, grey matter, and white
matter are partly clipped away by seveRdhne Condition Nodesach consisting of
two orthogonal clip planes. While skull and brain are conmgdietemoved by setting
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Figure 4.4: Multi-Volume Setups II-1V and the corresponding rendeplgsa(a) Setup Il shows
the combination of an illuminated DVR shaded MRI head witlzosting Nodeapplied to
show the inside. The interior brain is rendered as illuminated isosurface @ith@ applied,
to emphasize the curvature. (b) In Setup Il the upper half of the head anay, to lay open
the brain, which is segmented and colored due to a functional Brodmannaltiasn (c) Setup
IV shows an MRI data set of a head segmented into different anatomggahss such as skin,
brain tissue, and vessels. The regions are differently colored atig patr away by two clip
planes.

the alpha value to zero, the clipped skin is still renderedigeansparent to give a
feeling of the whole head's anatomy.

Performance Measurements and Discussion

The rendering performance of the system was measured foradabe four exam-
ple setups. The CTA and the MRI dataset used for Setup | haveauodsolution
of 256 256 120 voxels, the head and the brain dataset for Setup Il arthilé a
resolution of 181 217 181 voxels, and the dataset of Setup IV has a resolution of
256 256 181 voxels. Table 4.1 shows the achieved frame rates foihtiee tmulti-
volume slicing techniques presented in Section 3.2.1 aadhiti-volume ray casting
technique presented in Section 3.2.2.

Regarding the three slicing techniques, it can be seen tepértling on the com-
plexity of the applied render graph and the total number &dmes in the scene, the
advantages of the different techniques are accentuatednést cases the separation
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Slice-based Ray casting
Merge Separate Intersect

Setup | (a) 57 67 57 85
Setupl(b) 50 60 40 30
Setup | (¢) 37 57 22 18
Setup Il 19 21 21 25
Setup Il 55 70 63 45
Setup IV 53 56 56 52

Table 4.1:. Performance of the three multi-volume slicing techniques and of nolitire ray
casting on &12 viewport given in frames per second (fps). Measurements have fegen
formed on a NVIDIA GeForce GTX280 graphics board with 1024 MB memory

method dominates in terms of performance, but with the signt drawback that the

intermixing functionality is restricted to standard GPiding operations. If more
sophisticated intermixing functions are required, the btleer slicing techniques are
the only choice, which have the disadvantage of high coghfaadditionally required

tessellation. For Setup II, Setup 11l and Setup IV mergeasvst than intersect since
the merge method has to test for each sample whether it ketors volume or not,

even if the volumes do completely overlap. In Setup | (b) aetuf | (c) the advan-

tage turns over to merge because of the exponentially gpeffort for tesselating the
overlapping proxy geometries that is needed by the inteeggaroach. Summarizing,
the choice of the slicing technique highly depends on thplgen guration and the

desired quality of the visualization result.

For most of the test cases raycasting shows slower rendperigrmance com-
pared to the best performing slicing method. However, iruf@dt(a) ray casting
clearly wins. Here, only one volume dataset is containedhénscene and, thus, no
costly depth peeling has to be applied. This case shows itigles/olume ray cast-
ing becomes favourable over slice-based rendering ofesivmlumes on current GPU
generations. For the LIC computation in Setup II, which ispexpensive due to the
Iter kernel, the early-ray termination technique for ragting takes effect. In this
case, raycasting is slightly faster. Summarizing, it cacdrecluded that with increas-
ing complexity of the multi-volume visualization the pemitance drawback of the
raycasting approach levels out, while the evaluation ofvbleme integral is more
appropriate and leads generally to better visual resulissTit can not be said which
approach is favorable over the other as the suitability lgigepends on the scene.

Regarding the system's complexity, the effort for shaderegation has also to be
taken into account. Itis linear with respect to the numbenbdimes and the number of
render nodes because each node has to be processed twotigmdfvolume, once in
each pass of the two-pass shader assembly (see Section SiBcek the total number
of volumes and render nodes is rather small, the generatian$ minimal in contrast
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to the rendering performance. Another aspectis the contpleithe generated shader
programs, which is also linearly increasing with the numievolumes and render
nodes. Additionally, it depends on the complexity of theleggpshading algorithms,
e.g. the LIC computation in setup Il is very expensive andsttnighly effecting the
frame rates. Nevertheless, for both rendering techniduegérformance tests have
shown that the system provides interactive framerates feveomplex scenarios. So,
it ts well to a wide range of medical problems and supportsc¢heation of meaningful
and comprehensive visualizations in an intuitive way.
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4.2 Visualization of Functional Brain Images

The multi-volume visualization tool that was introducedtie previous section enables
an expert user to apply it to varying medical visualizatiaskls. However, the daily
work of medical doctors and medical researchers is oftetniceed to a dedicated
application area. To best support their work, an optimalafization tool should adapt
and restrict the provided visualization and interacticatdiees to those that are required
for the speci c task for which it was designed. In this septavisualization solution
for the analysis of functional brain images is presented firauses on the needs of
cognitive neuroscience.

The eld of cognitive neuroscience seeks to understanditits lbetween human
thoughts, feelings and actions, and the functions of ounbrdts main belief is that all
facets of our psychic life have a neuronal basis. Early rebeia this eld primarily
explored which psychic functions are distorted if partshefbrain have been damaged
by accidents, tumors or strokes. Today, however viaeegiato explore the neural
basis of mental activities are the so called neuroimaginthaus of which the main
goal is to make visible the activities of the brain, for exdenfunctional Magnetic
Resonance ImagingMRI).

The three-dimensional visualization of these functiomalribimages in relation to
their anatomical context would help cognitive scientistggaining a deeper insight
into the data. But a major problem of 3D visualization of fMRLal#s the fact that
the anatomical brain tissue is surrounding the activatata dnd, thus, will occlude it
when standard 3D visualization techniques are applied.yMgstems try to solve this
problem by projecting the functional data onto the brairfast@. This projection is
either done along the surface norrhd22; 124 or along the viewing directiofiL0d].
Both approaches, however, produce an incorrect depth gemeff projection along
the surface normal is applied, deep objects will appeartigregagni ed; if projection
along the viewing vector is used, the functional data wouldear to move when the
viewpoint changes. For this reason, other approaches uvset dolume rendering
for the fused visualization of anatomical and functionaiadeE.g., Konig et al. [65]
introduced transfer function volumes to distinguish be&twactivated and not activated
voxels of the brain. Beyeat al.[7] combined anatomical and functional MRI datasets
for neurosurgical planning and enable viewing of the fuori data by clipping away
occluding anatomical structures. Jairetkal. [57] mixed surface-based rendering for
the anatomical brain structure with direct volume rendgfor the fMRI activation.

The visualization approaches presented in this section@isolve the occlusion
problem by combining several different illustrative andhrtbustrative direct volume
rendering techniques on the basis of the multi-volume rengéramework introduced
in Chapter 3. After giving a short introduction to functionalaging methods, i.e.
fMRI (Section 4.2.1), a visualization tool for fMRI data ans @&pplication to measured
data sets of a cognitive study is presented in Section 412 Qection 4.2.3 this tool is
extended by line integral convolution to emphasize thenbs&nucture. The described
work was rst published if110 (Section 4.2.2) and if11€] (Section 4.2.3). The vi-
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sualization tool presented in Section 4.2.2 was develapedaperation with Eduardo
Tejada, Universiit Stuttgart. The work described in Section 4.2.3 was chwig in
collaboration with Tobias Schafhitzel, UnivegitStuttgart, who contributed the LIC
computation. The cognitive neuroscientists Markus Knamfi Thomas Fangmeier
from the University of Giel3en and the University of Freibgave the background
information about fMRI, provided the applied data sets astetbthe software.

4.2.1 Neuroimaging in Cognitive Neuroscience

Contemporary research in the eld of cognitive neuroscieisde a great extent per-
formed by using fMRI. This method takes advantage of the faat tognitive pro-
cesses lead to a local increase in oxygen delivery in theaaet cerebral tissu@4].
Physically, the fMRI technique relies on the understandirag tleoxy-hemoglobin is
paramagnetic and oxy-hemoglobin diamagnetic. Increassgpce of oxy-hemoglobin
leads to changes in the local magnetic eld homogeneityciigs commonly referred
to as theBlood-Oxygen-Level-DependdBOLD) effect[92; 104. A local increase in
oxygen delivery is thought to be correlated with brain atton.

To measure these changes in blood ow, a number of peoplelaceg one after
the other in a magnetic resonance tomograph. They typitakyn their back and their
head position is xed in a head coil. A mirror system is placedthe coil so that they
can see a projection screen mounted on the rear of the scdim@ecognitive tasks are
either presented on this screen or via headphones, andrtiwgaants respond to them
by pressing buttons of a MRI-compatible response box. Tylgidanctional images
are collected in ayradient-recalled echo-planar imagin@EPI) sequence, allowing
the sampling of up to 32 parallel slices that cover parts ef ihain or the whole
brain. The principle of fMRI experiments is to measure brastivation of quickly
repeated intervals and to explore differences among thenthd classical paradigm
the baseline activity is measured when the volunteer issataad other measurements
are taken when the participant performs certain cognitigs. Then, the activity in
the baseline condition is subtracted from the activity meas during the performance
of the cognitive tasks, and the resulting data is statibyieaalyzed. In more modern
experiments combinations of experimental conditions amgared to other combined
conditions.

A great majority of cognitive scientists use tB®M (Statistical Parametric Map-
ping) software[38; 144 to statistically analyze the brain activations. It has beéen
veloped by members of thé&fellcome Trust Center for NeuroimagimgLondon and
allows the analysis of whole sequences of brain imaging. dett@ sequences can be
series of images from different groups of people or timeeseiiom the same subject.
Basically, the statistical analysis tests the measurenagjamst some previously de-
termined model hypotheses. The statistical results are tla@sfered into so-called
statistical parametric maps (SPMs), which can be used falysis and visualization.
Broadly speaking, an SPM gives the degree of activation duaiicertain cognitive
task for each voxel in a dataset.
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Figure 4.5: 2D visualization of a statistical parametric map (SPM) providedeo$EM soft-
ware. Three axis aligned slices of an anatomical template dataset arddbgride color
coded brain activation that is stored in the SPM. The color bar on the Igfirbshows the
mapping of the color to the degree of activation. (Image courtesy Thonmagrteaer, Univer-
sity of Freiburg)

4.2.2 Visualization of Statistical Parametric Maps

Before statistical analysis the fMRI scans of a measuredssareco-aligned to each
other and then mapped into a standard anatomical brain,sppoecess which is called
spatial normalization This allows, e.g., for easy inter-subject comparisons Jtan-
dard brain space is either de ned by the brain atlas of Tathirand Tournok125 or
the neweiMNI brain generated by Evaret al.[30]. Since the f/MRI measurements are
spatially normalized, the resulting SPMs are as well sfhptreormalized. For visu-
alization a SPM is usually rendered in combination with aegponding anatomical
template dataset of a standardized brain that corresponiti® tapplied brain space.
The SPM software provides a simple 2D visualization techaithat overlays some
previously selected slices of the anatomical templatesgataith the corresponding
activation slices of the SPM (see Figure 4.5). In the folloyvit is illustrated how the
same template dataset can be used for 3D visualization.
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(@) (b) (€)

Figure 4.6: Simultaneous rendering of a SPM and a related anatomical temgiasetdof a
human brain. Both datasets are rendered with DVR. A gray value trafasfetion is applied
to the anatomical brain. Positive values of the SPM activation are mappedtbts between
yellow and red, negative values to colors between green and blue.) stafadard DVR is
applied for both datasets; in (b) the brain is rendered with pre-integratiof) additional
illumination is applied to the brain.

3D Visualization Methods

3D visualization of a SPM in combination with the anatomitahplate dataset can
be easily done with the multi-volume rendering framewodairChapter 3. Since the
two datasets origin from different imaging modalities (fM&d MRI), it does not
make sense to treat them similarly for visualization. Thus obvious to rst split

up the visualization paths of the two volumes bypglitter Nodeand then to apply
different combinations of shader nodes. Figure 4.6 shovesthisualizations where

a standardVR Nodeis applied to both volumes. For the template brain a standard
transfer function is used, that maps the volume's scalalsgandently to grey values.
For the SPM a specialized transfer function is employedhlibter ts to the nature of
the contained data.

A SPM contains oating-point values that give the degree d@hation. There is
no xed scale, and there is theoretically no upper bounde@#tctivation differences
between two different cognitive tasks are studied. Theltiegudatasets, which are
called contrasts, can contain positive and negative vallles transfer function for the
SPM data is inspired by the color coding that is used for 2Daligation by the SPM
software. A user can de ne a lower threshold and an upper ¢hdonthe accepted
positive values and an upper threshold and lower bound fgatne values. To each of
these thresholds and bounds a color has to be assignedivédsita values between
the positive bound and the positive threshold are mappedltrscthat are linearly
interpolated from the two prede ned boundary colors. Valabove the positive bound
are constantly mapped to the color that is applied to thi;sdotlegative data values
are treated similarly. Data values between the positiveth@cdhegative threshold are
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(a) (b)

Figure 4.7: Application of isosurface rendering to make activation in delefa@n regions
visible. (a) The surface of the template brain is rendered as a semi-transguminated
isosurface. The detail gives a closer look to a selected area. (b) ditioaél visualization
branch renders two axis-aligned 2D slices of the unsegmented template &gktito give
further anatomical context

skipped. This allows the culling of noise and of small adtva values that are not
important for the analysis.

For the visualizations in Figure 4.6 not the whole MRI templdataset is used for
rendering but only the explicitly pre-segmented brain.sHiiows visualizing the SPM
activation in conjunction with the brain surface. In Figdté (a) standard DVR is ap-
plied to both datasets. Positive activation values ardédrared into colors from yellow
to red; negative values are mapped into a range from greelig¢o m Figure 4.6 (b)
the anatomical brain is rendered with pre-integration,clvhiisibly improves the ap-
pearance of the surface. The brain surface is further engaths Figure 4.6 (c) by
applying additional illumination.

When DVR shading is used for the visualization of the brairg bas to choose a
relatively high opacity to get a well distinguishable presgéion of the brain surface.
As a consequence, only activation near by the brain surfateewisible. To show
activation of deeper brain areas as well, isosurface ramglean be used instead for
the representation of the brain. In Figure 4.7 (a) the branfase is rendered as a
semi-transparent, illuminated isosurface. This giveghtgo the underlying brain ac-
tivation, while the anatomical brain structure is simuéiansly provided as reference.
In Figure 4.7 (b) an additional visualization branch is &xplin which two orthogo-
nal 2D slices of the unsegmented MRI template dataset areretdor supplemental
orientation. For this kind of visualization a new render eadas implemented that
allows the rendering of up to three axis-aligned 2D slicea @blume dataset. The
three slices can be freely positioned along their assat@ierdinate axis. This is im-
plemented by checking at each sampling position if the \ingway passes one of the
slices on its way from the current to the following samplirggnt. In the positive case,
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(a) (b)

() (d)

Figure 4.8: Several cut-away views that give insight into the brain. t@)d&rd DVR render-
ing of the template brain with the upper half clipped away along a clip plane. mh# inage
shows the 2D slice that corresponds to the clip surface. (b) Semi-tr@mspsosurface ren-
dering of the whole anatomical head with the upper half cut away. (c) 24fel8 functional
Brodmann areas are cut out witifagged Condition Noddd) Similar to the con guration in
(c) but only 19 Brodmann areas are shown.

the underlying sample value is mapped to a color due to atranptransfer function,
otherwise the sample is discarded.

Another way to get insight to the brain is cutting away somespaf it by a con-
ditional render node. In Figure 4.8 (a) the upper parts oftitaén volume and the
SPM datset are cut away by a single clip plane. The same isiddrigure 4.8 (b),
but this time the whole template dataset is visualized byna-s@ansparent isosurface.
This provides the brain activation in the context of the vehloéad's anatomy. In Fig-
ure 4.8 (c) and Figure 4.8 (d) some parts of the brain and ttieaion are cut away
with aTag condition nodeThe functional Brodmann Atld4 1] is used as tag volume.
Thus, it is possible to investigate the activation of cerfanctional brain areas.
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Figure 4.9: A screenshot of the visualization tool for functional SPM.datse large main
view in the center shows the combined 3D volume visualization of an SPM activdditaset
and a related anatomical template dataset. The three views on the right fd&Dgslices
of the same datasets. On the left side there are several controls for tlgutaton of the
visualization.

Application

To optimally support cognitive scientists during their woa specialized visualization
tool was developed (see Figure 4.9). In its main view it pilegithe 3D-visualization
capabilities described above. Different rendering stjteshe anatomical template
and the functional activation can be chosen, the transfatiions can be manipulated
individually, and clipping can be activated when neededaddition, there are three
2D-slice views that show three axis-aligned slices of tmepi@te dataset overlaid by
the associated SPM activation. In each of these slice vie@suser can navigate
through the whole template datasets along the respectiseBxe change of the posi-
tion is immediately shown in the other 2D views by a cross. hair

Besides the template dataset, one can load any SPM datasattostep of the
analysis pipeline, from pre-processing to statisticalvatbn maps. To allow the easy
comparison of different co-related datasets, a whole serieéSPMs can be loaded
simultaneously and the user can interactively switch betwtbe different functional
datasets. Furthermore, a certain voxel can be selectedogitigning of the cross
hair in the 2D-slice views. The change of the activation is tloxel over the whole
functional series is plotted in an extra view.
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Figure 4.10:Two different stages in the reasoning process. From left to rightinpegration
with illumination, semi-transparent isosurfaces, pre-integration with oneictiggane and a
corresponding two-dimensional slice.

The SPM visualization tool has been successfully used fervibualization of
data gathered from a study that has been conducted at thertsijvof Freiburd 31].
In these experiments the participants performed logiadaring problems while the
brain activity was measured. During the logical reasoniraplem, the participants
were asked to draw conclusions from given premises, andtla& responses were
evaluated for logical validity. For instance, they saw twerpises:

Premisel: VX (V is on the left of X).
Premise2: XZ (X'is on the left of Z).

and they had to decide afterwards and indicate by a key prhsther the following
statement logically follows from the premise:

Conclusion: VZ (V is on the left of Z)~.

Figure 4.10 shows two different stages in the reasoningga®(event-related de-
sign, 12 participants) for different rendering modes. katibp row it is possible to see
activations in the occipito-parietal cortex and the aoteprefrontal cortex, whilst the
bottom row depicts the activation during the validationha parietal and the prefrontal
cortex (more details of the study can be found3a)).

4.2.3 Enhanced Surface Perception by Flow Visualization

The two presented strategies for the simultaneous visigliz of inside brain activa-
tion and the surrounding anatomical brain — clipping andigesnsparent rendering —
bring some disadvantages for the analysis of the fMRI data. & strategy of clip-

ping encounters the problem that important parts of the miatgbe clipped away and
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that the user can not get an overview of the functional atbtiman its entire anatomi-
cal context. When semi-transparency is employed, one hagpi® with the trade-off
between the visibility of the brain activation and the petdglity of the brain surface.

In this section an alternative rendering strategy is preskthat aims to overcome
these drawbacks. The idea is to reduce the occlusion eti€atsemi-transparent iso-
surface by replacing its surface representation by a sphingerepresentation. The
lines are chosen along the principal curvature directidriseisosurface and are ren-
dered by a ow visualization method that is callide integral convolutior{LIC). The
application of the LIC algorithm results in ne line strucas that improve the percep-
tion of the isosurface's shape in a way that permits the nengevith small opacity
values. To achieve high performance, the curvature veofdhe brain dataset are pre-
computed and stored in a separate 3D texture, and the LIC waigm is performed
only on the current visible surface.

The proposed technique is inspired by the work of Interrfsdewho precomputes
the complete LIC integral at the voxel positions of the vodudataset. Hadwigest
al. [47] also apply LIC for curvature visualization on an isosurfacé compute the
curvature on the y for the previously projected isosurfada the following, rst
the mathematical and algorithmic basics for curvature dd@domputation are intro-
duced. Then, it is shown how deferred LIC computation cannibegrated into the
multi-volume rendering framework, and, nally, it is preged how these techniques
are applied to the visualization of SPMs.

Mathematical and Algorithmic Basics

Surface Curvature The rst principal (curvature) directionis de ned as the direc-
tion along the highest curvature on a surface. The correipgrcurvature strength
is called rst principal curvature. The second principal direction indicates the direc-
tion to the attest area. By construction, both principaleditions are perpendicular
to the surface normal. The two principal directions and theesponding curvatures
can be obtained by computing the eigenvalues of the seconldfoental form and the
corresponding eigenvectd®4; 87.

In the following, it is assumed that the surface is de ned asmaplicit isosurface
of a 3D scalar eld. First, an orthogonal franfe;; e,; e3) is constructed (see Fig-
ure 4.11). One basis vector is de nedexs= r s(p), wheres is the scalar value at the
positionp. The vectores is the normal vector on the isosurface. The basis vestor
is chosen within the plane that is perpendiculaeipthe direction within that plane
can be chosen arbitrarily. The remaining basis vector isuted ae, = e; ez and
also lies in the plane that is perpendiculaeto Then, the second fundamental form
can be formulated as the matrix

13 23
b1 b1

A= gl g

(4.11)

where bj‘3 represents the de ection in the direction @ when one moves along .
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Figure 4.11: Orthogonal frame for the computation of the surface cue/aklere,e; stands
for the rst principal direction,e, for the second principal direction, ared for the surface
normal.

These values are formally known #aistsif i 6 j and can be obtained by the dot
product ofe; and the derivative of the gradient@n direction:

@;
@

B®=e (4.12)

Note that the twist termk3® ande#® need to be equal. In order to compute the
eigenvalues oA, the matrix is rst rotated arrounds until the twist terms disappear.
This is done by diagonalizing A to obtaidi :

A=SD,S =

up U 1 0 up U _ (4.13)
2

Vi Vo 0 Vi V2

where(u;;vi)T denote the eigenvectors andwith i 2 [1; 2] stands for the rst and
the second eigenvalues of A. Finally, the principal di@asi are given by

Xi = ue; + vie, with je;j = jeyj = 1: (4.14)

Line Integral Convolution The line-integral-convolution (LIC) algorithrfil7] is
the basis for one of the most common texture-based techgiguew visualization.
This method uses an integration along curves de ned by aoveetd. The curves
are constructed by tracing the motion of particles alonguetor eld, leading to
streamlines in the case of a steady (i.e., stationary) veeld. Only steady vector
elds are considered because the principal curvature times will not change after
the isosurface has been extracted. First, LIC on 2D plandisésissed and, later, it is
extended to curved surfaces.

The particle tracing integrates the position of a partitigositive andn negative
steps along the vector eld, starting at the seed position ( Xo; Yo)". The resulting
streamline is denoted byy(t) and describes the position of a particle at a varying
curve parameter. Note that ¢(0) = p represents the seed poifit(x;y) stands for
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the input noise texture ardt) denotes the convolution Iter. Then, the intensityt
p is de ned as the convolution along the streamline:

Z L
I(p)= k() T( o)) dt: (4.15)

L

For the lIter k(t), usually a symmetric function is used, e.g. a box or a tenttfan.
The noise texturd (x;y) contains ( Itered) white noise. Applying Equation (4.15),
the high spatial frequencies along the streamlines arecegtior completely removed,
while maintaining the high frequencies perpendicular tosthlines. This leads to
line-like visual patterns.

The work presented here applies an adaption of the LIC dhgorfor the visualiza-
tion of ow on curved surfaces, which was developed by Wejsland Ertl[141]. One
of the most important advantages of this method is that rtdependent of the surface
parameterization. Actually, no parameterization is neags what makes the approach
appropriate for the application on implicit isosurfacesieTalgorithm consists of two
stages: (1) the projection of the surface and its correspgnakctor eld to the image
plane and (2) the LIC computation on the image plane. Thihatetomputes each
component in its appropriate domain and facilitates théuew@n of the LIC integral,
which is computed on a planar 2D domain only for the visibletgpaf the object.
Furthermore, this algorithm is well suited for an ef cienPG implementation.

In the following technical discussion, image-space cautis are used as a repre-
sentation of positions on the image plane. In addition, tigiral 3D object space of
the isosurface is considered. An object can be transfornoea dbject space to image
space by applying a projection onto the image plane.

The idea of this algorithm is to evaluate the LIC integral (&tion 4.15) on a per-
pixel basis with respect to the image space. In additionptéicle traces are also
represented in 3D object space in order to achieve temporarence under cam-
era rotations. To exploit the advantage of a combined inspgee and object-space
representation, the particle paths are simultaneouslypated in both domains. The
particle path in object space is obtained by solving theigartracing equation,

dpobj(t) -

o= = v (Payt) (4.16)

wherev (pop;) denotes the vector eld on the surface, gngj(t) denotes the object-
space position of the particle at integration timé&his equation is solved by applying
an explicit numerical integration, such as a rst-order&wcheme. After each inte-
gration steppoy; is projected to image-space coordingpgs,. The 3D object-space
positionpop; is used to access the noise €ld which is also de ned in 3D object
space. The noise contributions are accumulated accordiBguation (4.15) in order
to obtain the nal LIC result.
To simplify the representation of, and access to, the veetdrv, the 2D image-

space positiomping is used to access the vector eld. In fact, the vector eld & n
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stored with respect to 3D object space, but with respect to2ige space. Therefore,
the image-space representation of the vector eld needs ioitialized before the LIC
integral is computed; namely, the vector eld is projectsa its original object-space
representation onto the image plane. Then, particle tgaisirbased on the slightly
modi ed equation

dp(()jt;j(t) = V(Pimg(t)) ; (4.17)

whereping is computed fronpy,; by projection onto the image plane.

Deferred Multi-Volume Shading

Deferred shadings a rendering technique that decouples the determinatithe wisi-
bility of a fragment from performing shading operationsdotually visible fragments.
In a rst rendering pass the 3D positions of the fragments aaditional information,
like gradients, curvature vectors, etc., are written to -@ated G-buffer (geometry
buffer) [114]. The G-buffer is usually realized by one or several offseremder tar-
gets. In a second render pass a screen- lling quad is reddth the G-buffer render
targets bound as input textures. At each fragment the telz@gemetry information
is read from the G-buffer and then shading operations, famgpte illumination, are
performed. The advantage of this technique is that experstiading operations are
only performed for visible surface fragments. On the othemnd) deferred shading
techniques can only be applied to opaque surfaces where#itop of a pixel in 3D
object space is unambiguously de ned.

The above introduced LIC algorithm for ow visualization earved surfaces uti-
lizes the deferred shading approach to minimize the coghfexpensive evaluation
of the LIC integral. In the rst rendering pass the currerglected isosurface is ren-
dered opaquely. At each visible surface fragment the 3Dtiposand additionally the
associated vector from the 3D vector eld is stored in theu@#ds. In the second pass
the LIC computation is only performed for the visible sugdagments.

For the application case of visualizing functional aciwatmaps in combination
with the curvature-emphasized brain surface the defert€dcbmputation has to be
combined with standard multi-volume rendering. Therefdeferred shading can be
integrated into the multi-volume rendering framework fr@apter 3. The basic idea
is to separate the rendering process into three passesi(gee E.12). In the rst
pass G-buffers for each applied volume are generated, iseitend pass intermediate
rendering results for the different volumes are computad,ia the third pass the in-
termediate results are merged to a single image. To achaewsualization results,
one has to ensure that the rendered fragments of the diffeokrmes either all lie on
the same surface, or that they can be easily sorted in categth order. When no
deferred shading is needed, the intermediate image of anebtan be alternatively
rendered directly without the generation of a G-buffer.

For the rstand second pass two different render graphd#®same multi-volume
scene are applied. The rst render graph describes the gemerof the G-buffers,
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Figure 4.12: Pipeline of deferred multi-volume shading. First the G-bufféd object-space
position, gradient, curvature, etc. —is generated independently fovehane. Then, deferred
shading operations are performed on the G-buffers. Finally, the intésiteechages for single
volumes are accumulated to a fused result image. The visualization rulestfor@®-buffer
rendering and deferred shading, are determined by a render §kédq@m no G-buffer is needed,
the intermediate images can be generated directly.

e.g. along an isosurface. In contrast to the standard renggperocess, the generated
shaders do not write a single output color but have severgubwalues, like the
current 3D position or the current surface normal, which\ariten to the related
G-buffers. For this purpose, the standard multi-volumedegimg module has to be
extended in a way that the results are written to severati@én render targets. Further
on, the shader generation module has to support the gemeaditshaders with several
output variables.

The second render graph is responsible for the evaluaticoroplex shading oper-
ations on the previously computed G-buffers. Here, anyashadde that takes one or
several pre-computed G-buffer values into account can pkeab Instead of comput-
ing these values from the underlying volume dataset, theyead from the G-buffer.
Therefore, thé&scene Nodenamely the sub-node which is responsible for the volumes
(see Section 3.3.1), is adapted in a way that it hides the fiéfbinom subsequent
shader nodes. Thus, the same shader nodes like for standéird/@ume rendering
can be applied. The deferred shading process can be pedannoae or several ren-
der passes. Basically, a screen lling quad is rendered vighrelated G-buffers as
input. Either a combined shader writes several output sa@several render targets in
a single pass, or for each intermediate image a separaterssaded. Alternatively,
if only one shader is used, the accumulation can be diretthgrated into this shader.
Then no additional accumulation pass is needed.
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Applying Curvature LIC to SPM visualization

In the context of SPM visualization the LIC algorithm for eed surfaces is used
for the accentuation of the brain surface structure aloeg it principle curvature
direction, while simultaneously the occlusion of the aafiion data is minimized. The
applied vector eld gives the rst principle (curvature)rdction for each point in the
3D volume. This vector eld is precomputed and stored in a 8kture. Curvature
vectors at intermediate positions are trilinearly intéaped from the curvature vectors
at the surrounding voxels.

In the nal image three different visualization styles amnbined. The SPM ac-
tivation map is rendered with standard DVR, and the anatdrbreaén surface is ren-
dered once as illuminated opaque isosurface and once asfameswith LIC along the
rst principal direction. For both isosurfaces the samevadae is applied. Activation
data outside the visualized brain surface is cut away. Tius,possible to render
the SPM activation separately and to store it in an interatedmage for accumula-
tion. For the rendering of the illuminated isosurface anthefLIC isosurface deferred
shading is applied. A single G-buffer for the anatomicalim@ataset is generated.
There the 3D object-space positions of the foremost fragsnefithe isosurface, the
associated gradient vectors of the pre-computed gradeehire, and the associated
rst-principle-direction vectors of the pre-computed eature texture are stored. Two
different shading operations are performed on the G-huBerthe one hand, an inter-
mediate image is generated by applying standard Phongiiatran to the surface. On
the other hand, the LIC algorithm for curved surfaces, asri®=d above, is evaluated.

The three intermediate images are intermixed with a spbtgalding function that
takes the lines obtained from the LIC computation, the ilheted isosurface, and the
DVR rendered brain activation into account. The blendintcfion is de ned as

Cgut = Cisot (1 )(1 I LIC)Cact ; (4.18)

and describes the nal output col@?,. The alpha blending between the functional
dataC 5 and the anatomical data;s, is governed by the adaptable opacityf the
isosurface, i.e. the opacity of the isosurface determinewisibility of the brain acti-
vation behind it. Figure 4.13 illustrates this blendingqess.

The intensity of the curvature linek,c, further modi es the image compositing.
According to the multiplication by the factgd 1.,c), the LIC intensity provides
different weights for the brain activation. Since dark 8rghould be obtained, it is
necessary to negate the intensity. Furthermore, emptyg are@e the anatomical hull
have to be considered. Black empty regions would lead to aiphadtion by zero,
which means that in these areas no curvature lines woulddii@devi In order to apply
the curvature lines also in these regions, the brain awivatata is rendered using a
white background.

The brain structure can be further emphasized by applylagihation based on
the curvature LIC represention, as proposed by Schafhétzall [117. Then the data
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Figure 4.13: Blending of the functional data rendered by DVR and thresniding anatomical
data using isosurface shading. The curvature lines resulting from @edrhputation affect
the DVR rendering by de ning the intensity of the functional data as well asishsurface
shading of the anatomical data due to their tangential behavior. If cuevierillumination

is enabled, a second blending is applied which adds the light contribution tentissive

representation.

ow changes slightly (see Figure 4.13). Lighting is basedionmal vectors on the sur-
face geometry, which can be related to the gradients of areXtased representation
of geometry. For curve illumination a real-time gradientngutation for the curvature
lines is employed. Since the curvature lines are computeleimage plane in a view-
dependent way, a pre-computation of the gradients is nailples Furthermore, it has
to be considered that the rst derivative requires neighbod information. The gra-
dient computation is implemented as an additional defeshedling pass directly after
the LIC evaluation, which delivers the intensity valuesdach pixel in image space.
This image can be considered as a 2D scalar eld that serviepasfor the gradient
computation. Central differences are used to compute thar#ige-space gradient,
which is combined with the surface normal to obtain the 3Dmadrvector in world
space. In the nal rendering step, this vector eld is emm@dyto apply diffuse illu-
mination of the curvature lines. This illumination compahextends Equation (4.18)
to

Cot= (N L)+ )CS: (4.19)
whereN stands for the normal vector alhddenotes the position of the light source.
Both vectors are given in world space. Usually, only a smgttlicontribution is
suf cient for emphasizing the line structures on the isésce. From experience,
should be chosen betwe8ri and0:2.
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Discussion

In the following, the application of the presented metho®RM data is discussed.
We compare the visualizations using different paramet#ings. The parameters are:
curvature masking, noise density, and curve illuminatiéigure 4.14 (a) shows an
example of the combination of an illuminated surface and DWRthis image, the
volume-rendered brain activation serves as focus whilstineunding brain tissue is
represented by an isosurface, which builds the correspgratintext. Obviously, the
main goal of this visualization is to facilitate the spafp@rception of the activation
areas inside the human brain. Therefore, it is necessagv®adnclear visualization of
both objects. In particular, the shape of both objects shbalperceivable at a glance.
Actually, the visualization quality depends on the matenid the surrounding context
and the focus object. These materials are usually de neddryster functions, and
so it depends on the user to nd an appropriate setting for@imal visualization.
Obviously, the visualization quality is strongly in uentéy the rendering of the con-
text. For example, if the isosurface is rendered opaquesttiheture of the anatomy
is rendered in high quality, but it completely occludes thairf activation. On the
other hand, if the isosurface is chosen too transparenshpe of the covered brain
activation is clearly identi able, whereas the quality b&tisosurface suffers.

In Figure 4.14 (b), a naive mapping of the computed curvdines onto a selected
isosurface is applied. Indeed, the structure of the isasaris clearly perceptible,
supported by the curvature lines. Nevertheless, the highbeu of lines drawn on the
surface makes it hard to identify the shape of the brain aiwtim behind. Furthermore,
areas of low curvature, like the depressions on the cortéaci(sulcus), lead to short
lines, which negatively in uence the visualization. In Eig 4.14 (c), the issue of
occlusion is addressed by changing the noise intensityirihegnces the number and
the size of the drawn LIC lines. By decreasing the number @slirthe isosurface
becomes more transparent and the quality of the brain #sictivehape increases. The
problem of noise in at areas is solved by curvature maskingich is based on a
threshold that masks lines in areas of low curvature. As aeguence of this masking,
the lines in thesulci disappear while the shape of ridgeyi() are emphasized by line
drawing.

Figure 4.14 (d) shows the result if the density of the linestlmn isosurface is
further decreased. It is necessary to consider the distatyes that might appear if
the density is chosen too small: due to the behavior of ourdlg@rithm, the resulting
lines are a weighted intensity of the brain activation. Adiyy the weights of the
streamlines are chosen with a positive offset to avoid bleas, which might affect
the visualization. If the number of lines is decreased toemeither the intensity
offset must be reduced or the perception of the line strastinas to be improved.
Indeed, the rst option would lead to a higher contrast, huvould also imply a
higher degree of occlusion caused by opaque lines. An aligenoption is to improve
the perception of line structures by illumination (Figurd4i(d)). Please note that
already a small contribution from illumination is suf ciefor an improved perception
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Figure 4.14: Combined visualization of functional and anatomical data. fdie activation
is rendered with DVR while the anatomical brain structure is represented djuminated
isosurface: (a) Isosurface without any line structures mapped ontd)tA high number
of curvature lines without any masking; the short lines appear as poidtsnarence the
visualization negatively. (c) Smaller number of thicker curvature lines; inatieas of low
curvature, the curvature lines are faded out completely. (d) llluminatectue lines. Only
a small diffuse light contribution is used for emphasizing the lines' structiife curvature
lines appear more prominently without having changed their intensity.
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w/o LIC with LIC with illum. LIC

42.17 fps 25.67 fps 25.57 fps

Table 4.2: Performance measurements of a combined visualization of D\Rreshbrain
activation and the anatomical brain surface, which is rendered as illumisadface. Three
different con gurations for isosurface rendering are compardtm&asurements are given in
frames per seconds (fps), the viewport size is 8600.

of the lines. If the diffuse part is emphasized too much, thesl appear as bumps on
the isosurface, which makes it dif cult to distinguish betn the original curvature
given by the isosurface and the visual ridges created hyitiation.

Table 4.2.3 shows the visualization speed of several caatjpns measured on a
PC with an AMD Athlon 64 X2 Dual 4400+ (2.21 GHz) CPU and 2 GB of RAand
a NVIDIA GeForce 8800 GTX GPU with 786 MB of graphics memory.nSilering
the rst two entries of the table, the lower frame rates foCliendering can be ex-
plained by the evaluation of the LIC integral. In this casgjr#egration steps in each
direction are computed, which results in 40 texture lookKoepgach fragment. In con-
trast to the LIC evaluation, the gradient computation yameluences the rendering
speed. Gradients are computed by central differences.efdrer only 4 additional
texture lookups per fragment are necessary, which makesdhrfaster than the LIC
evaluation.
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4.3 GPU-based Direct Volume Deformation

Fast and realistic soft-tissue deformation is an impoffeature for medical simulation
environments. Those environments simulate speci ¢ salgiterventions and are for
example applied in medical education. Physically-baséordeation approaches, like
mass-spring systenm nite element method¢FEM), usually employ an explicitly
generated model, which is deformed by expensive computatieor visualization the
deformed model has to be additionally transformed into @eeable representation.
Altogether, the deformation process is very complex ané-{@omnsuming.

In this section a deformation technique is presented timas &b overcome these
drawbacks in two ways. On the one hand, it directly acts orotiggnally acquired
volume data of a patient. Thus, there is no need for expepse@ocessing. On the
other hand it is completely performed on the GPU and seaiylesthedded into the
standard volume visualization framework. This exploits fast parallel computing
capabilities of modern graphics hardware and avoids theresipe transfer of defor-
mation information to the GPU for visualization. The propdsleformation approach
is based on the physically-inspir8®-ChainMailalgorithm, which was originally de-
veloped by Frisken-Gibsdi86]. This algorithm acts on a regular grid of deformation
elements. The basic idea is to iteratively propagate thelatisment of an initially
manipulated element across the grid. The displacemenedajrid elements is thereby
governed by several geometrical constraints. The advastafjithe ChainMail tech-
nique are its low computational costs and the possibilitgiitectly apply it to regular
volume datasets. For GPU-based deformation the ChainMgotighm was adapted
for parallel execution and embedded into an integratedraeftion and visualization
pipeline.

The interactive manipulation and deformation of voluntetbjects is an active
research eld. Chemt al.[20] give a good overview about this topic. They present
several geometrical and physically-based approachesremdtieir usage in medical
and non-medical applications. Schuleeal.[120 proposed a volume deformation
technique that also employs the ChainMail algorithm. But intcast to the approach
presented here, the deformation is performed on the CPU hanebtume data on the
GPU has to be updated after each deformation step. Thersasaime work on de-
formation computation on the GPU. E.g., Geougiial. [40] presented a GPU-based
mass-spring deformation system, which they combined wé&hdard surface render-
ing. Tejada and Ert]126 proposed a similar approach but perform direct volume
rendering on a deformed tetrahedral grid.

The GPU-based volume deformation technique presentedsirséigtion was rst
published iN111]. The work was carried out in collaboration with Torsten \Waifho
realized the initial GPU-implementation of the ChainMagailithm during the prepa-
ration of his diploma thesis. In the following, rst, the gihal ChainMail algorithm
is described; then, it is shown how the ChainMail deformatod the visualization
of the deformed volume can be mapped to the GPU; nally, thé&J@&Rsed pipeline
of manipulation, deformation and visualization is preednh detail and some results
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and performance measurements are shown.

4.3.1 3D ChainMail Algorithm

The 3D ChainMail algorithni36] operates on deformation elements that are initially
arranged on a three-dimensional regular grid. Each eleimeatnected to its six near-
est neighbors in-, y-, andz-direction (see Figure 4.15 left). The relative positioraof
grid element to its neighbors is governed by several conssrthat give the minimally
(minD .., ) and maximally (naxD.,., ) allowed distance and the maximally allowed
shear (naxSy.,.;) (see Figure 4.15 right). To simulate anisotropic deforomtthese
limits can differ along the three coordinate directions.

The algorithm works as follows. Starting with a single mowgl element, the
neighbors of this element are checked if they still satisly€hainMail constraints. If
not, the affected neighbors are minimally moved to ful letlconstraints again. For
example, the new position of the left neighbor is determinetie following way:

if (X X)) <minD ; X;= X minD ;
elseif(x X)) > maxD y; X = X maxDy;
if (y y)< maxSy; yi =y + maxSy;
elseif(y y)>maxSy; Y=Yy maxSy;
if (z 7)< maxS,; Z = Z+ maxs;,;
elseif(z z) > maxS,; z)=z maxS;; (4.20)

x =(x;y;2)" is the position of the currently investigated elements (x;y;z)" is
the position of the left neighbor. The displacement of theeotve neighbors is done
analogously. Then the algorithm goes on with the newly maledhents and tests
their neighbors in the same way. This procedure is repeatétie list of moved
elements is empty.

Frisken-Gibson has shown that each ChainMail element has touched only
once if the ChainMail constraints are constant throughositvitiume. However, the
rst-moved- rst-processed propagation order does notteevalid grid con gurations
for innomogeneous deformation constraints. For this neaSchill et al. [118 pre-
sented an enhanced ChainMail algorithm that rst processestements with the
largest displacement. This propagates the deformatiarrnvdtion faster through
stiffer material, analogous to the broadening of a shockwav

After applying the ChainMail deformation, the grid elemefutll the geomet-
ric ChainMail constraints, but the linear displacement doesadequately simulate
natural soft body behavior. For this reason, Frisken-Gihatroduced an additional
relaxation step that moves the grid elements to an enengticnum. Thereby, the
systems energy depends on the distances between the gnielnege There are several
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Figure 4.15: The 3D ChainMalil grid: (left) the six neighbors (gray) ofid glement (black);
(right) the area (grey rectangle) of valid positions of an element (blaglk}ive to its left
neighbor (grey).

z

different ways to determine the optimal grid positions fdnieh the energy of the grid
is minimal. In[37] Frisken-Gibson proposed to de ne the optimal positfany; z)g,
of an element as the midpoint of its existing neighbors:
!
1 X 1 X 1 X
(XYiZopt = Xni iy Zn (4.21)

N
nghbrs nghbrs nghbrs

whereN is the number of existing neighbors of the element éndy,;z,)" is the
position of then-th neighbor. During relaxation each element is iterayivelplaced
to minimize the system's energy. However, with this methodder elements tend to
move inward and the object shrinks. To avoid this, FriskelnsGn has reformulated
the iterative relaxation in the following way:

1 X X X
Gy Z)opt = (Xn  Xn); (Yo Yn)s (zo  Zn)
nghbrs nghbrs nghbrs
8
2 X; n=|
Xa = _F X n=r
é 0; all other neighbors
2 Yy, n=bt
Yn = > + y;, n=t
é 0; all other neighbors
2 z; n= bk
z, = + z; n=f (4.22)

0; all other neighbors
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where X, yand zarethe optimallink lengths for lefi{right(r), top()/bottom{t),
and backigk)/front(f ) neighbor pairs. This method produces the same resultseas th
midpoint method for inside elements (Equation 4.21) but/@nés border elements
from moving inwards.

4.3.2 Mapping ChainMail Deformation to GPU

The goal of mapping the ChainMail deformation approach to G#two-fold. On
the one hand, the performance should be improved by expdoitie parallel SIMD
architecture of a GPU. On the other hand, the deformatiooga®should be directly
integrated into the GPU-based volume visualization pigeliTherefore, it is required
to nd an adequate GPU representation of the ChainMail de&tion grid, to adapt
the serial ChainMail algorithm for parallel execution andtdve the problem of direct
visualization of the deformed volume dataset.

GPU Representation of the Deformation Grid

The ChainMail elements are initially arranged in a regula gnd linked to their six
direct neighbors along the, y, andz-axis. Thus, it is obvious to store the positions
of the grid elements in a 3D texture on the GPU and to expl@itithplicitly given
neighborhood to the surrounding texels. To be independehéwolume's real extent,
the element positions are stored relative to a normalizé@ euth edge length one.
Thereby, a grid element’s initial position is implicitly\gn by the texture coordinates
of the associated texel. Further on, the resolution of tiierdetion grid can be chosen
independently of the original volume dataset.

In the original ChainMail implementation the neighbors ofedement are expli-
citly declared to allow the explicit de nition of unregulabject borders. However, if
ChainMail deformation is combined with direct volume visgation, the shape of the
deformed object is already implicitly given by the appligghoity transfer function. To
avoid the explicit storage of neighborhood informatiorg tbject shape is instead dy-
namically determined by looking up the opacity of a grid edatrduring deformation.
If the opacity lies beyond a small threshold, it is assumexd tihe grid element does
not belong to the visible structure, and it is ignored fottier computations. In case
that the deformation grid has a smaller resolution than tiggnal volume dataset, an
corresponding low-resolution volume dataset is compugechipmap Itering, which
provides a down-sampled presentation of the object shape.

For the simulation of inhomogeneous deformation behavidifferent anatomical
and pathological structures, a deformation transfer fands introduced that maps
the intensity values of the underlying volume to the ChainManstraints described
in Section 4.3.1. For simplicity the transfer function mapsncoming intensity value
I to a single normalized deformation constrasm the interval[0::1]. The normalized
deformation constraint of a link between two neighboring elements is computed by
averaging the deformation constraimisandc, that are applied to the the two link
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elements: 1
c= > (¢ + ) (4.23)

From the normalized deformation constrasithe nal constraints for the minimal dis-
tance MinD ) between two elements, the maximal distanmoa@xD ) and the maximal
shear (naxS) are computed depending on the initial distaddeetween two neigh-
boring elements:

minD = d (1 ©o©);
maxD = d (1+ ¢);
maxS = d c: (4.24)

For the determination of the deformation constraints agjarow-resolution volume
datasat is used to look up a grid element's intensity value.

GPU-based ChainMail Algorithm

The original ChainMail algorithm processes the grid elemémia xed serial order.
This ensures that each element has to be touched only oncentirast to that, a GPU
shows its strength only if a huge number of elements are psackin parallel. For
this reason, the ChainMail deformation is carried out in sv@nsecutive passes. In
each pass all elements of the grid are investigated. Thexdfee capability of modern
GPUs (\vidia G80series and newer) to directly render into a 3D texture isaigd.
Namely, the deformation grid texture is processed slicallme. In a loop one texture
slice after the other is bound as render target and the elgmositions are updated by
repeated rendering of screen- lling quads, as describ&gkrtion 2.3.2 about GPGPU
rendering. To avoid inconsistencies during the paralletpssing of the elements the
deformation grid texture is duplicated, and the two texduaee used alternately for
reading and writingging-pong rendering

Since the parallel pipeline of a GPU does not permit to wadtarty other fragment
than the currently processed, the way of deformation pratag is inverted. Instead
of displacing neighbor elements of the currently procesdemhent, the element itself
is displaced in case it violates a deformation constraiaintpof its neighbors. There-
fore, itis is rst checked if one of its neighbors was movedhie previous pass, and,
in the positive case, the validity of the deformation caoasitis relative to the respec-
tive neighbor is tested. If requested, the element is movexalid position due to
Equation 4.20. Besides the speedup, the repeated investigditall grid elements in
parallel has the advantage that a single grid element caispided multiple times.
Thus, the proposed approach automatically copes with iigemeous deformation
constraints. The ChainMail deformation is stopped when neeraement was moved
in the current render pass.

The relaxation step can be performed on the same grid textilgesthe ChainMail
deformation; again in several render passes. In each pag®sition of the grid ele-
ments is updated due to an arbitrary relaxation rule, eggotie given in Equation 4.22.
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The relaxation step can be stopped when the length of thiadempent vector is falling
below a small threshold for all elements. Then an energgudibrium is reached.

Direct Visualization of Deformed Volumes

The ChainMail deformation grid gives for a ChainMail elemenhat was originally
placed at positiox. its new positioRr  after deformation. The image positionx)
of an arbitrary poink inside the undeformed grid can be computed by trilinearinte
polation: X
(x)= aijk (X) ik (4.25)
i;j;k 2f 0;1g

wherex;, are the displaced positions of the eight surrounding greneints of the
pointx andaj (X) are the respective trilinear interpolation weights obdifor posi-
tion x from the original grid.

Based on the deformation grid, there are three different i@y®ndering the de-
formed volume. The rst possibility is to perform a pre-ramohg step that resamples
the deformed volume on a regular grid, as it is done by Schetizd. [120. Here,
for each sampling point of the new regular volume the celhefdeformation grid is
searched in which the respective sampling point lies. Theesponding sample value
is then interpolated from the sample values at the cell a&sti An advantage of this
method is that standard volume rendering algorithms foulegggrids can be applied.
But on the other hand, information contained in the origimedeformed volume tex-
ture can be lost by resampling. This problem especially catnen the resolution of
the deformation grid is smaller than the one of the origirdlimne dataset.

This problem can be avoided by alternatively applying tHewcheation during ren-
dering. This can be done either in model space or in textuaeespFor the model
space approach the deformation grid is directly used asyggegmetry for rendering.
To prevent interpolation problems, the hexahedral gritscebnsisting of eight adja-
cent grid nodes have rst to be subdivided into tetrahednd, then any method for
volume rendering of tetrahedral grids can be applied, egjohe presented by Weiler
etal.[138

In contrast to the model space approach, the texture spacesah keeps the proxy
geometry undeformed and the deformation is instead apidithee texture coordinates
just before the lookup of a volume sample. Rezk-Salamnal. [103 developed a
slice-based volume rendering technique that subdividesthligned slices into small
guads. The vertices of the quads get deformed texture cwiedi applied, which are
automatically interpolated during rendering. To prevetgiipolation errors, the quads
are further subdivided into four triangles by appending dditeonal vertex in the
center of each quad. Brunettal.[15] proposed an alternative technique that computes
the deformed texture coordinates on a per-sample basteiasshader.

In this work a volume rendering technique for deformed vatsnwvas developed
that is based on the approach of Bruaeeal. The advantage of this method is the fact
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that it can be easily combined with any GPU-acceleratedmeltendering technique
without the need to adapt the applied proxy geometry. Howesinece the deforma-
tion is applied in texture space, the forward deformatiamcfion , which gives the
deformation in object space, has to be inverted. Bremetl. solve this problem by
applying analytical deformation functions that have a vaellned inverse function.
When ChainMail deformation is employed, the forward deforamats given at dis-
crete positions and the displacement at intermediateiposiis computed by trilinear
interpolation (see Equation 4.25). Unfortunately, ther@o closed solution for the
inversion of this function. For this reason, a gradientestdike optimization algo-
rithm for the computation of an inverse deformation grid waseloped. The goal of
this algorithm is to generate a regular grid that gives fahesample point the posi-
tion where it was placed before deformation. Since all caiempens are performed
in a normalized cube with edge lendththis position directly maps to the displaced
texture coordinates that are needed for rendering.

The inverse deformation positign of a grid elemeneis computed iteratively. In
the beginning®. is initialized with the original undeformed position of the element
e

Reo = Xe (4.26)

Then the following update rule is iteratively applied to therent inverse deformation
position ofe:
frwd e = ( Re);
di Xe, frwrd ¢ ;
R Re, +W di o (4.27)

€i+1

First, the forward displaced positidnvd ¢, of the inverse deformation positict,
after thei-th iteration step is computed. For this purpose, the @dindisplacement
function de ned in Equation 4.25 is applied. Then, the differencetoedi ., be-
tween the desired image of R, and the current imagewd ¢, is calculated. Finally,
a new inverse deformation positidn ., is generated by movinge, slightly in the
direction ofdi ¢,. The amount of this movement is governed by the weighiThe
iteration is stopped, when the lengthddf falls below a small threshold. Figure 4.16
illustrates the iterative computationg.

The proposed iteration scheme is similar to gradient-dgsggtimization along
the gradient of the error function

err(xe) = jdi oj; (4.28)

which represents the distance between the current forwspthdement oke,, ( Re,).
and the expected displacement positian For gradient descenrt, is adapted along
the negative direction of the gradientefr :

R = Re W rerr(xe) (4.29)

€i+1
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Figure 4.16: Iterative computation of the inverse deformation posttioaf a grid elemene.
In each step, rst the forward displaced positiowrd ¢, of the current inverse positicty, is
determined. Then, the difference vecthr ¢, betweerfrwrd ¢, and the expected positio
is determined, andl¢, is slightly moved in this direction. This process is repeated oaatis
met.

This gradient descent leads to a local minimum of the ernoction. The gradient can,
e.g., be computed by nite differences, which is an expemgiperation that needs
six additional lookups in the forward deformation grid. Hawer, if it is assumed
that the deformation behavior does only change slightly local area aroun#.,,

the difference vectodi ¢, represents a good approximation of the negative gradient,
because the value efr is decreasing fast alomdj . Thus, the application of the
iteration rule of Equation 4.29 will produce similar resulike gradient descent with
less cost.

4.3.3 GPU-based Deformation Pipeline

For evaluation of the GPU-based ChainMail approach a volueferchation pipeline

was implemented that consists of ve sequentially appliezps (see Figure 4.17).
The implementation is based on OpenGL and GLSL and can bgratez easily into

the multi-volume rendering framework presented in Chaptde&ch pipeline step is
realized by a speci c GLSL shader. These shaders basicellpmthree data struc-
tures (3D textures): the original volume dataset, the fodwdeformation grid and

the inverse deformation grid. For ping-pong rendering threvard deformation grid

is duplicated. If the deformation grid has a lower resolutilban the original volume

dataset, an additional low-resolution volume datasetnegeed by mipmapping. This
low-resolution dataset is used for the determination otisfermation constraints. The
data structures are either bound as input textures (read) @nder targets (write). In
pipeline steps where the forward deformation grid is usedéth, reading and writ-

ing, one of the two deformation grid textures is bound as tti@xture, and the other
one is bound as render target. The roles of the two textueestenged after each
render pass. In the following the ve pipeline steps are axpd in detail.
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Figure 4.17: GPU-based deformation pipeline: The ve pipeline stepssadbe three data
structures — the original volume (VOL), the forward deformation grid (FW4Md the inverse
deformation grid (INV), — either for reading, for writing, or for readiagd writing.

Manipulation

In the manipulation step the current mouse movement is nehjope normalized 3D
model space, and it is checked if a collision with the voluroeurs. For this purpose, a
single fragment is rendered, and the applied shader is\gestiay from the start to the
end position of the mouse movement. At each sampling positist, the deformed
texture coordinate is looked up in the inverse deformagjad-texture. Then, the
corresponding sample value is read from the original voldata set, and the related
alpha value is looked up in the transfer function table. éf éfpha value is greater than
zero, a collision is found. In this case the deformation pssds initialized by moving
the eight grid elements of the forward deformation grid thatround the collision
position accordingly to the mouse move.

Deformation

The ChainMail deformation step is realized in multiple pasde each pass the for-
ward deformation grid textures for reading and writing areichanged. The current
position of a grid element is stored in tke y-, andz-component of the related texel.
The w-component is used to store the information if a grid elenveas currently
moved. This information is used to evaluate if any neighb@minvestigated element
was moved in the preceding pass. If not, the element is tirdiscarded. Otherwise,
it is tested if the current element has to be moved to fulhétchainmail constraints
relative to a moved neighbor.

The chainmail deformation is stopped when no more elemeawtsliaplaced in
the current pass. This is tested by hardware supportedcnlgueries which give
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the number of processed elements (fragments) in the cueder pass. When all
elements are discarded, the occlusion query returns zerthendeformation can be
stopped. The deformation step can be optimized by exptpitie fact that it always

starts with eight neighboring grid elements and that theoregf possibly affected

elements expands in a single pass about one along its sieibfaces. Thus, it is

suf cient to investigate in each render pass only those el@sithat can be potentially
moved, and to increase the region of investigated elementg@ingly afterwards.

Relaxation

The relaxation step is performed in multiple passes as walleach pass for each
element the displacement is computed due to the relaxatienpresented in Equa-
tion 4.22. If the magnitude of the displacement is too sntladl,element is not moved
and discarded instead. The relaxation is terminated whegegapass occlusion query
returns that no more element was processed.

For performance reasons, in each step only those elemeritsastigated that can
be possibly moved. This is the case either if any of an elesaetghbors or if the
element itself was moved in the previous pass. In the rsixation pass all elements
that have been replaced sometimes during the deformagprast regarded as moved.
Like for deformation, the region of possibly affected elernsehas to be increased in
each pass by one along each border.

Inversion

The inverse displacement position of a forward grid elenoam be computed inde-
pendently of the inverse displacement positions of theratlaments. Thus, the grid
inversion can be performed in a single rendering pass, healéeration loop is placed
inside the applied shader. Thereby, the forward deformaijrad texture which was
recently used for writing is bound as input texture and thwelise deformation grid
texture is set as render target.

Rendering

For direct volume visualization of the deformed volume witle multi-volume ren-
dering framework theScene Nodenamely the sub-node that is responsible for the
volumes (see Section 3.3.1), is slightly adapted. Instéddectly looking up the vol-
ume sample at the current texture coordinate, the deformedre coordinate is rst
looked up in the inverse deformation grid. Then, the sampleevof the deformed
volume is looked up in the original volume texture. Gradsesftthe deformed volume
are computed on the y by nite differences (see Section2)4Since thescene Node
makes the deformation process transparent for subseqoe@es nvolume deformation
can be combined with any existing or newly implemented rendee. Further on, it
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(@) (b)
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Figure 4.18: Three deformed CT scans of a human head (256 225) with different defor-
mation algorithms and grid sizes. a) 322 32, ChainMail only; b) 32 32 32, ChainMail +
Relaxation; ¢) 128 128 128, ChainMail + Relaxation + Illumination

is possible to apply either slice-based rendering (seaed®e@12.1) or ray casting (see
Section 3.2.2).

4.3.4 Results and Discussion

The GPU-based ChainMail deformation approach was testédan@T scan of a hu-
man head. Figure 4.18 shows three screenshots of the deftwead with different de-
formation grid resolutions and different stages of the athm applied. Figure 4.18(a)
and (b) both present the deformation results for a grid ol of 32 32 32 ele-

ments without (Figure 4.18(a)) and with relaxation (Figdr#8(b)). It can be clearly
seen, that the additional relaxation creates a much smodéfiermation result. In Fig-
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Rendening 145 16 16 32 32 32 64 64 64 128 128 128

only
CM 19.5 16.5 15.0 13.5 8.9
CM+R 19.5 15.5 14.5 11.5 7.0
CM+R+1 5.0 4.5 4.4 4.2 3.3

Table 4.3: Frame rates in frames per second (fps) for deformation ofda@Bet of a human
head with resolution 256256 225, viewport 512 512, GeForce 8800 GTX with 756 MB
RAM. (CM £ ChainMail, R2 Relaxation, & Illlumination)

ure 4.18(c)) a deformation grid of 12828 128 elements is used and the volume is
additionally illuminated. Here, the deformation below tiese affects a smaller region
of the head. Table 4.3 gives frame rates for deformation @ndering for different grid
resolutions. The leftmost column shows the performancesiodering only. Standard
volume rendering produces interactive frame rates, butiaddl illumination is four
times slower because of the expensive on-the- y gradiemimatation. The relax-
ation was restricted to ve steps per frame. Instead, ineshiate relaxation steps were
introduced when no interaction happens.

A major advantage of the presented approach is that theutesobf the deforma-
tion grid is independent of the resolution of the originalwoe dataset. So the grid
resolution can be chosen with respect to the desired lgaaiiteformation and due
to the required frame rate. However, the memory consumjaticreases signi cantly
with higher grid resolutions. A deformation grid with 12828 128 elements and
four 32-bit oating point values per element needs 32 MB meyna 256 256 256
grid needs 256 MB memory. Since the algorithm needs the grekttimes, for ping
pong rendering and for inverse deformation, the memory efdmployed GPU is
exceeded for a grid resolution of 25856 256 elements. A possible solution to
overcome this limit would be a bricking scheme like propoiseld 20

The frame rates in Table 4.3 show that the ChainMail-baseatoheftion approach
ts well to the parallel architecture of a GPU. Since it iselitly combined with stan-
dard volume rendering, it can be easily applied to medicalukition applications.
However, the ChainMail technique has still some drawbackisshould be eliminated.
E.g., the achievable frame rates highly depend on the apgééormation constraints.
If the constraints simulate stiff material, the deformatie propagated over a larger
area of the grid than with soft tissue constraints. Henee GhainMail computation
is getting signi cantly slower in this case. Neverthelegg presented deformation
pipeline allows to modify single steps without affectingg tbthers. So deformation
and relaxation could be replaced by more complex deformaiodels.
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4.4 Conclusion

In this chapter several interactive medical volume visaaion applications have been
presented that illustrate the exibility of the multi-vate rendering framework from
Chapter 3. In Section 4.1 a generic multi-volume visual@atobol was described that
allows the interactive con guration of the render graph thea graphical user inter-
face (GUI). Complex visualizations for arbitrary multi-uohe scenes can be gener-
ated without the need to cope with underlying rendering tionality. Moreover, new
render nodes can be implemented and seamlessly integrdatethe system. Thus,
the tool is perfectly suited to explore the capabilities afltiavolume visualization for
new medical application elds.

In Section 4.2 a certain application eld, the visualizatiof functional MRI im-
ages, was investigated. Primarily, a visualization todd weesented that was designed
to support cognitive scientist in their daily work. This t@xploits the capabilities of
the multi-volume rendering framework but provides an aggilon-speci c user inter-
face. Further on, a technique for the combined visualipatidunctional and anatom-
ical MRI volumes was presented that aims to improve the péoepf the anatomical
brain structure without occluding inside functional infaation. Therefore, the cur-
vature of the brain surface is enhanced by line integral aloton (LIC). Since LIC
computation is expensive, an extension of the multi-voldiramework was proposed
that supports deferred shading. Hereby, the costly cdlonkof the LIC integral can
be restricted to the visible brain surface.

In Section 4.3 a direct GPU-based volume deformation agbreas presented,
which, for example, could be applied for surgery simulatiBased on the ChainMail
deformation algorithm, a deformation pipeline was devetbihat is completely evalu-
ated on the GPU. Besides user manipulation and deformaliispipeline handles the
direct visualization of the deformed volume. Before viszaiion the forward defor-
mation eld that is computed by the ChainMail deformationnserted. The inverted
deformation eld provides deformed texture coordinatest tllow the application of
the standard volume rendering techniques that are prolwigede multi-volume ren-
dering framework.

The three visualization scenarios emphasize the suitabflthe multi-volume ren-
dering framework for a large variety of interactive medieeualization applications.
The exibility of the render graph allows the creation of nm@agful visualizations for
differing tasks and datasets. For new visualization proklspecialized render nodes
can be easily integrated. With slight adaptations rendecioncepts, like deferred
shading or the rendering of deformed volumes, can also lieedaEven though new
render nodes and rendering techniques are usually dewkfopa certain application
case, they can be integrated into the basic framework anthpeoged for other visu-
alization tasks.
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CHAPTER

AUTOMATED MEDICAL VOLUME
VISUALIZATION

The interactive control of the visualization output is arportant prerequisite for vi-
sual analysis in new medical application elds and for thamnation of complicated
cases. However, in clinical routine many patients with Emsymptoms have to be
examined. For those cases usually certain proceduressieahzation and visual anal-
ysis have been established. The automation of these pn@=eclwld support the work
of physicians and surgeons and improve the quality of thgrdiais results. On the one
hand, a medical doctor could deal with other problems, wademputer performs the
analysis and perpares 3D visualizations of the images gdjfriom a patient. On the
other hand, the automation and, thereby, standardizatithe @isualization procedure
allows the easy comparison of different cases, supportgaemnienced medical doctors
and eases the discussions with colleagues.

Automated medical visualization usually involves so-®albatch visualization
Here, a number of images from different camera positions fandlifferent scene
con gurations are rendered automatically due to a batchaligation script. These
images are either stored seperately or assembled in onevenabgideo sequences.
After batch visualization the images or video sequenceseanewed with any stan-
dard viewer independent of the visualization system (a)in Figure 5.1 shows the
adapted batch visualization pipeline. In contrast to sd#ve visualization, there is
no feedback loop in which the user can directly manipulagevisual output. Instead,
a number of parameters for the steering of analysis andhdatian can be set before
evaluation of the pipeline.

Systems for automated medical visualization should cowerdspects. On the
one hand, the pre-rendered images should be provided in ghatgllow an intuitive
investigation of the visualized objects. On the other héimelautomated visualization
procedure should be accessible for a large group of userstamdd have minimal
demands on a user's hardware equipment. In this chaptertansyfer automated
medical volume visualization is presented that incorgmabth of these requirements.

In Section 5.2 an alternative batch visualization methodtr@duced that is based
on so-called3D object movies In contrast to images and video sequences, object
movies provide the possibility to interactively navigatersy prede ned camera posi-
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Figure 5.1: Pipeline for medical batch visualization: In the batch processagg image pre-
processing, image analysis and visualization are automatically performed dygrede ned
script and some externally given parameters. The generated visualizatierpersistently
stored either as images, video sequences or object movies. The staralizaitons can be
analyzed of ine at any time with an appropriate viewer.

tions. For automated medical volume visualization a nesdical object movitormat
and a corresponding viewer were developed that are eslyeatspted to the needs
of medical analysis. The automated generation of medigacbmovies is integrated
into a web service for standardized medical analysis angalimtion, which is de-
scribed in Section 5.3. This service provides a dynamic weédrfiace with which a
user can upload a medical volume dataset to a web server giateinhe generation
of a couple of video sequences and object movies. The remgefithe videos and
object movies is performed in parallel on a cluster of GPUygged computers. The
advantages of the web service are, on the on hand, the gostilaccess it from any
internet PC and, on the other hand, the fast availabilithefresults due to their paral-
lel computation. The proposed concepts for automated rakdbtume visualization
were evaluated with the use case of standardized analysisracranial aneurysms
which is detailed at rstin Section 5.1.

The techniques for automated medical visualization thetlascribed in this chap-
ter were rst published in109 and[112. They are based on earlier work from Sabine
Iserhardt-Bauef55; 56, who originally developed the web service for the standard-
ized analysis of intracranial aneurysms. The work was edraut in collaboration
with Matey Nenov and Torsten Wolff. Matey Nenov realized tféne visualiza-
tion via object movies described in Section 5.2 during theppration of his diploma
thesis. Torsten Wolff implemented the parallel visual@matveb service presented in
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Section 5.3 in the course of his study thesis. Peter Hastriedm the Neurocenter at
the University Hospital Erlangen, Germany, and Bernd Torhfrath the Bremen East
Central Hospital, Germany, gave support about the mediakigraund and provided
the test datasets.

5.1 Use Case: Standardized Analysis of Intracranial
Aneurysms

An aneurysmis a localized, blood- lled dilation of a blood vessel, whics caused by
disease or weakening of the vessel wall. Aneurysms mospeapin theaorta (the
main artery coming from the heart) or in arteries at the bdgskeobrain. Aneurysms

in brain arteries are calladtracranial aneurysmeecause they occur in vessels inside
the skull cranium). As the size of an aneurysm increases, there is an increséed
of rupture. The rupture of an intracranial aneurysm usuasults in so-callegub-
arachnoidal hemorrhagébleeding inside the brain). Symptoms for subarachnoidal
hemorrhage are the sudden onset of severe headache antbgieatdailures. In the
worst case it can lead to the death of the patient.

For the radiological diagnosis of intracranial aneurysmg subarachnoidal hem-
orrhages frequentlgomputed tomography angiograp(@TA) is used. Here, the vis-
ibility of the vessels in the CT scan is increased by previpuslecting a contrast
agent. There are two alternatives for the treatment oférdraial aneurysms. Faur-
gical clipping rst the skull has to be opened and the aneurysm has to be edpos
Then, the base of the aneurysm is closed with a clip. In centoethat,endovascular
coiling is a minimally-invasive intervention. A catheter is ingettinto the femoral
artery in the patient's leg and navigated through the vasa@ystem into the head and
into the aneurysm. Then, platinum coils are pushed into tfeeigysm and released.
These coils initiate a clotting or thrombotic reaction witlthe aneurysm. Thereby,
blood ow into the aneurysm is blocked and rupture is preeent

Iserhardt-Baueet al. [56] developed a standardized procedure for the analysis
and visualization of intracranial aneurysms, which is ryaperformed automatically
without any user interaction. It aims to support radioltgyend surgeons in diagnosis
and treatment planning. Further on, the standardizationldrease intra- and inter-
patient comparison. The proposed analysis procedure eginents vessel structures
from the CTA scan that hold a high risk for aneurysms . Thersdtstructures are vi-
sualized along prede ned camera paths with direct volumeeeing and the resulting
images are assembled to several video sequences. Fihallyideo sequences can be
visually analayzed by the investigating medical doctoguifé 5.2 shows the applied
analysis pipeline, which consists of ve steps. These stepsletailed below.
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Figure 5.2: Pipeline for the standardized analysis of intracranial asestyln the rst four

steps interesting vessel structures are determined and segmented.a Toeple of volume
rendered video sequences is generated, which can be visually ahelylaein arbitrary video
viewer. The rst step (white) has to be conducted by the user, the otinergerformed auto-
matically.

Determination of Clivus Position

The clivus is a bony structure at the inside of the skull basgortant blood vessels
are crossing here, and, thus, aneurysms often occur in tgebwhood of the clivus.
For this reason the clivus is chosen as anatomical landroatké subsequent analysis
and visualization steps. Currently, the clivus positionziioe detected automatically,
but has to be determined manually by the user. Neverthdlessletermination of the
clivus position is the only pipeline step which requiresrusteraction.

De nition of a Clip Plane

The interesting arteries in an investigated CTA dataset tiem dnidden by veins lo-
cated in the occipital part of the head. To overcome this lprabin this step a clip
plane is de ned that virtually cuts away disturbing vesselhe occipital half space of
the volume. In a clinical study it was found that the clip mas optimally positioned
30 mm in front of the clivus and rotated abod5 .
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De nition of Subvolumes

Intracranial aneurysms often grow at branches of bloodeles3o lay focus on those
speci ¢ locations, four subvolumes are de ned that enclfse critical points found
at the tip of thebasilar artery, at the left and the righterebral artery and at thecom-
municating artery For this purpose, the average distance vectors betweesiiths
and the four critical points have been evaluated in a clirstady, which was per-
formed on a number of reference datasets. To determine tlepspeci c positions
of the four critical points the prede ned average distaneetors are added to the pre-
viously determined clivus position. The four critical ptarthen act as the centers of
the four subvolumes. The size of the subvolu®@ rim in each direction) is chosen
in such a way that they overlap in any case. Thereby, it is poessary to nd the
exact positions of the critical points.

Generate Transfer Function

After the reduction of the topological information by clifapes and subvolumes, it
is additionally necessary to reduce the structural infdlonecontained in the investi-
gated dataset. Besides the data inherent noise, the sa# tlsat encloses the vascular
structure prohibits a clear 3D representation. For thisaeathe vessels are implicitly
segmented by application of a prede ned transfer functibimis transfer function op-
presses occluding structures by mapping the opacity ofdberding lower Houns eld
units to zero. Further on, the color values are chosen in atlatythe vessel structure
is emphasized. To handle differences that naturally octdifierent datasets, the pre-
de ned transfer function is automatically adjusted to tlaignt speci ¢ dataset with
a method proposed by Rezk-Salagtaal. [102. Here, a non-linear transformation
is determined that maps the histogram of the dataset on whe&ktemplate transfer
function was de ned to the histogram of the currently ingsted dataset. Then, the
same transformation is applied to the pre-de ned templatesfer function. By this
means, a transfer function is generated that is optimizethécurrent dataset.

Render Dataset and Generate Video Sequences

Based on the applied segmentation operations the analytasetlés visualized with
direct volume rendering. To show the data from differenediions, the camera is
moved around the volume along pre-de ned paths, and atetisqrositions images
are computed. These images are assembled to a couple ofsadaences that show
the movement of the camera. At rst, an overview video is gatex that shows the
whole volume with occluding structures clipped away by thevusly de ned clip
plane. The applied camera path is chosen with respect to dlgecinicians usually
examine individual patient data. For the purpose of ori#mathe camera follows in
the beginning several circular paths around the compldten®. Then, the camera
zooms in to take a detailed view from a closer distance. Twedl deeper investigation
of critical vessel structures, four additional videos aemeyated that show the four
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(@) (b)

Figure 5.3: Two screenshots of the overview video sequence, whish e whole dataset,
while disturbing structures are clipped away by an automatically placed clig plane left

image (a) shows the initial view which presents the dataset from the batike hight image

(b) the camera is rotated to show the volume from the top. In addition it was zbionie get

a closer look of the data. On the left and the right handside of the datasein®urysms can
be identi ed, which are focused in the videos of the subvolumes (seed-tgdy.

(@) (b)

Figure 5.4: Two screenshots of the subvolume video sequences ahmuledt cerebral artery
(a) and around the right cerebral artery (b). They show two difteameurysms which are
located in the centers of the two images.

previously determined subvolumes. Here, a simple circcdanera ight of 360 is
performed. The generated videos are stored persisterdlgambe visually analyzed
at any time with an arbitrary video viewer. Figure 5.3 shows screenshots from
the overview video. In Figure 5.4 two screenshots of two efghbvolume videos are
presented.
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5.2 Automated Visualization with 3D Object Movies

While a clinical study[131] has proven the applicability of the system for standardized
analysis and visualization of intracranial aneurysmsimal routine, the video-based
of ine visualization has still some limitations. A majorawback is the xed camera
path and the restriction to linear navigation along a videiohe line. Thus, it is dif -

cult to get an impression of the spatial relationship betwiegeresting details of the
data set. Further on, no direct links between the differedegw sequences do exist.

An alternative technique for of ine 3D visualization aB® object moviesHere,
images are taken at xed camera positions on a sphericalanailind the visualized
object (see Figure 5.5 (a)). Specialized viewers allow fra@gation between these
camera positions. Object movies have a close relationgshfpahorama movies in
which the observer is placed in the center of a scene thateamdractively viewed
by rotation of the camera. Panorama movies are often stitabgether from360
photographies of urban places or landscapes. There arebkdifeerent formats and
viewers for panorama and object movies. The most common EefApQuickTime
VR3] format in combination with the proprietauickTime ViewerAn alternative
are the freely availabl®anorama Tool425], which where originally developed by
Helmut Dersch. They comprise software tools for the creatigpanoramas and object
movies as well as a Java Applet viewer.

Object movies have already been applied to medical datalferagional purposes.
For instance{Bones of the Skull1133 of the Hardin Library for the Health Sciences
of the University of lowa is an interactive learning tool thee anatomy of the human
skull based on QuickTime VR object movies. Melin-Aldana &wuirotino[81] used
QuickTime VR for an interactive atlas of pediatric liver palogies. Both examples
are based on photographies of real world objects. In carttvabkat, Tiedeet al.[130)
combined QuickTime-VR panoramas and object movies to eneétractive movies
for virtual endoscopy. Cheet al.[19] applied the object movie technique for remote
visualization of scienti ¢ datasets via the internet. Toceosome a major limitation
of classical object movies, the necessity of downloadirggwihole movie before the
visualization can be started, they created a stand-alaweevithat downloads single
images of an object movie on demand.

However, the existing object movie formats and viewers laotbility and do
not t to the demands of standardized medical visualizatiémurthermore, they are
dif cult or impossible to extend. For this reason, in this tka newmedical object
movieformat and an accompanying Java-based viewer were dewkldfereby, two
objectives were pursued: on the one hand, all visualizatafran analyzed dataset
should be integrated and interlinked in a single movie; @ndtiner hand, it should be
possible to access a movie in a fast and interactive way eiavdb.
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5.2.1 Medical-Object-Movie Format
Design Concepts

The design of thenedical object movieormat was driven by the same ideas that were
taken into account for the de nition of video sequences e &nalysis of intracranial
aneurysms (see Section 5.1). There, one overview videoeoivtipnle dataset and
several videos of dedicated sub-volumes in areas with arsgHor aneurysms are
generated. The applied camera animation rst follows saveircular paths around
the complete volume. Then, the camera zooms in to give arclose of the data.
Occluding structures are optionally cut away by a clip plaFeprovide similar visual
information as in the videos, the following visualizatiomncepts have been integrated
into the medical-object-movie format:

Tiles and Zoomed Views Usually, the views of an object movie are captured by
rotating the camera around the vertical axis of the obsewtgzLt. At discrete rotation
angles (pan), the camera is tilted up and down to take sevienab at discrete tilt
angles (see Figure 5.5 (a)). Obviously, the captured imagese arranged in a 2D
grid in which thex-axis represents the pan angle and yhaxis the tilt angle (see
Figure 5.5 (b)). The overall number of images — and therebgite of an object movie
— can be restricted by choosing large pan and tilt angleshiercamera movement
between consecutive views and by limiting the examined areaaximum allowed
angles for pan and tilt.

However, for medical visualization the applicability oede measures is limited.
On the one hand, the difference between consecutive vieasidlioe chosen in a
way that the movement between them appears smooth. On tehathd, it should be
possible to examine pathological structures from manbffit view angles all around
the object. For these reasons, the medical object moviedfigpnovides the possibility
to assemble a movie from several tiles that cover certailomsgf the spherical hull
on which the camera moves around the object (see Figure §.5This allows the
combination of regions that have a wide tilt range with thdss have a small tilt
range.

Besides the restriction of an object movie's size, this fieatan be used to constrict
the examinable views to those which are interesting for tireenit medical analysis
task. In addition, to each view an additional zoomed view barattached, which
provides a closer look from the same viewing direction. Tgfly, zoom views are
appended for a subset of the available standard views taderaletails for areas of
high importance.

Sub-Movies and Links The medical object movie format allows the assembly of
several so-calledub-moviesn a single movie object. Thereby, visualizations of dif-
ferent details of an observed medical structure can be gmdbinto an integrated
visual presentation. E.g., in the context of analysis oBicrtanial aneurysms an object
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Figure 5.5: Generation and storing ofreedical object moviga) The acquisition of the views
on a spherical hull. (b) Rectangular array for picture storage in a traditabject movie. (c)
Combination of different tiles (different grey values) in the new medicgatbmovie format.

which gives an overview of the complete vessel structurebsajoined with several
object movies that represent the sub-volumes with a higtfeisaneurysms (see Sec-
tion 5.1).

Basically, the different sub-movies are independent froohedher and can show
completely different objects or structures. But if there nsawerview-and-detail re-
lationship between the sub-movies, links between thesaas@an be de ned. Such
a link speci es a 3D area, namely the center and radius of argplwhich encloses
the detail structure that is presented in the connectedrsmbe. The object-movie
viewer can use this information to allow interactive naviga between the different
sub-movies. To give a visual hint about the existence anatilmc of a link, the link
area is usually emphasized in the pre-rendered views.

Visualization Modes For each sub-movie several different visualization modes c
be applied. This feature allows emphasizing different etspef a visualized object.
For example, a volume can be rendered with different trarfafections or with and
without a clip plane. For all visualization modes the sanesve are computed. Thus,
the visualization mode can be switched at each viewing iposit

File Format and Image Storage

A medical object movie consists of two les, meta info le in XML format that
describes the structure of the movie andirmages lethat contains the image data.
For the meta-info le an XML-format was developed that petsrihe assembly of
object movies that follow the design concepts described@bBasically, the format
allows the de nition of several independent sub-movies,jolhhare built of one or
more tiles. A tile is de ned by its width and height given inmber of images, and
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its location relative to the 2D grid that represents thergigcviewing positions on the
spherical hull around the observed object (see Figure Bbi&ddition, arbitrary zoom
tiles can be de ned, which should cover a subset of the unvibtiles. For each sub-
movie links to other sub-movies can be de ned. For this pagy@ach sub-movie has
a unique id. A link is de ned by the id of the linked sub-moviedby the center and
the radius of a sphere that encloses the region that is shpwrebinked sub-movie.

Besides the structure of the object movie, the meta-info datains links to the
related images, which are stored sequentially in the imdgesFor each tile of a
sub-movie there is an image list that gives start positians sizes in bytes of the
related images in the images le. The images can be storeschyncampressed or
uncompressed image format that can be interpreted by theekieUsually, a lossy
compression like JPEG is chosen to avoid that the size ofltfecbmovie is getting
too large. If a sub-movie contains links, an image can beigeavtwo times, once
with the standard visualization mode and once with an amttaliaccentuation of the
link area. Thereby, the highlighting of a the link area, whinay occlude important
information, can be switched off. To keep the storage regouént of the two images as
low as possible, the image with the emphasized link areasiohgs the color values of
those pixels that differ from the original image. The othemes set transparent. For this
purpose, the difference image has to be stored in a formbstipgorts transparency,
e.g. PNG or GIF.

5.2.2 Medical Object Movie Viewer

For the observation of a medical object movie a Java-basasleviwas developed,
which can either be run as stand-alone application or as guleAmtegrated into a
website. The object movies can be loaded from any web latalgoned by an URL
or from local disk. First, the meta-info le is read, the mewstructure is analyzed
and the viewer's GUI is con gured accordingly. Then, the geadownload for the
currently shown sub-movie is initiated. The interactivglexation of the movie can
be started immediately. Figure 5.6 shows the basic arc¢breof the medical-object-
movie viewer, which consists of four modules. The cen®hjectMovie Application
Objectlaunches the viewer and initializes and interconnectshheetother modules,
which are responsible for the interpretation of the mefa-ile ( Meta Info Modulg,
the download of the imagebfage Loader Moduleand the generation and controlling
of the GUI (GUI Modulg. The functionality of the three modules is detailed in the
following.

Meta Info Module

The Meta Info Modulefetches the location of the object movie from fBbjectMovie
Application Objectand parses the XML-structure of the meta-info le. From tims
formation it creates an object hierarchy that represemtsrtéta structure of the com-
plete object movie. This object hierarchy is used by @& moduleto build up the
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Figure 5.6: Architecture of the medical-object-movie viewer. The ce@igéctMovie Ap-
plication Objectinitializes three modules which are responsible for the analysis of the movie
structure Meta Info Modulg, download and caching of the imagésiage Provider Modulg

and for the graphical user interfad8yl Module).

object-movie-speci ¢ GUI elements. Further on, tileta Info Moduleserves the byte
address and byte size of a certain view toltinage Provider ModuleFor fast access
this information is stored in a hash table.

Image Provider Module

Thelmage Provider Modulés responsible for downloading of the views from the im-
ages le. The image download is, on the one hand, performedammand for the
currently selected view. On the other hand, surroundinggesaare automatically
downloaded in the background and stored in a client-sideectm speed up the navi-
gation between different views.

The Image Provider Moduleonsists of three sub-modules: theage Request
Agent the Image Loaderand thelmage Cache Thelmage Request Ageatuitomat-
ically generates image requests and adds these requests tequest queue of the
Image Loaderlt starts with a request for the currently selected view goels on with
requests for the surrounding views. For each request itgstested if the requested
image is already stored in themage Cacheln this case the request is discarded. When
the currently selected view is changed, iimiage Request Agergstarts the generation
of requests from the new view.

The Image Loadermperforms the download of the requested images. It handles
several requests in parallel via image download threadshwie managed in a thread
pool. Each time a thread has nished the download of an im#gelmage Loader
takes the next request from the queue, askdvta Info Modulefor the address and
size of the requested image, and delegates the downloadsafrthge to the waiting
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thread.

The downloaded images are stored inlimage CacheFor fast access the images
are stored in a hash map. Timage Cachéolds different hash maps for the different
visualization modes and sub-movies. If visualization modsub-movie is changed,
the hash maps are also changed. The old hash-maps are stolatif reuse. If the
size of the cache exceeds a prede ned limit the least usddrhap is deleted. To save
memory, the images are stored as byte arrays in their cosgadsrmat and extracted
on-the- y when they are requested by tG&JI Module

GUI Module

The GUI Module initializes and controls the graphical user interface (J5tfl the
viewer. Figure 5.7 shows the viewer's GUI with its differemantrols and panels. In
theMainView Panethe currently chosen view is displayed. The camera can bedov
by dragging the mouse but only in the range of precomputedssi&he current camera
position is shown in th&iniMap Panel The 2D grid on which the views are arranged
is visualized as a rectangle of image elements. The avitijabhd the caching state
of the views is shown by a speci c color scheme. E.g., a viewcWlis not contained
in the object movie is visualized as a gray rectangle; analai view which has no
zoomed view attached and which is not yet loaded is whitega with an additional
zoomed view is light blue. Furthermore, there are differewibrs that encode the
current loading and caching state of a view.

Via the Control Paneldifferent actions like reseting of the main view and swikahi
to a zoomed view can be initiated. Furthermore, the visattn of the link areas
can be activated and deactivated. TigilectModes Pandllows switching between
different modes of a single sub-movie. TAbjects Panethows which sub-movies are
available. A sub-movie can either be chosen by selectingghesponding symbol in
the Objects Panebr by clicking to the emphasized link area in thkainView Panel
In Figure 5.7 the position of a single link area is indicatgdalgreen bounding box.

When a new view is selected, tlJl modulerequests the image for the selected
view from thelmage Provider Modulemore precisely thémage Cache If the re-
guested image is not yet available, tlneage Cacheeturns a null pointer and the
MainView Panekhows the accordingly rotated coordinate axis instead h&tsame
time thelmage Request Ageigtinformed, which initiates the privileged download of
the currently selected view.

5.2.3 Application

The new medical object movie format was applied to the staliziad analysis of in-
tracranial aneurysms (see Section 5.1). The rst stepsehtialysis pipeline shown
in Figure 5.2 were kept the same, but instead of several \8dgaoences a single stan-
dardized object movie is generated. The structure of thisdstrdized object movie
was designed in a way that it provides similar informatide lthe video sequences.
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Figure 5.7: Graphical user interface (GUI) of the object movie viewethéMainView Panel
the currently selected view is visualized; t@aiMap Panelshows the current camera position
and the tile structure of the object movie; via thentrol Paneldifferent states can be changed;
in the Object Modes Panehe visualization mode can be selected; @igects Panehllows
the selection of a sub-movie.

Therefore, itis assembled from ve sub-movies. One sub-mskiows an overview of
the complete CTA dataset. The other four sub-movies viseidiie four sub-volumes
that enclose regions with a high risk for intracranial agsanrs.

For the overview sub-movie two visualization modes areiagplOne mode shows
the complete volume; for the other mode occluding vessel<ipped away by the
automatically adjusted clip plane. Hereby, it is possiblénteractively check which
structures are clipped away. The location of the sub-votumerisualized by their
bounding boxes, which are rendered in wireframe mode. litiaddlink areas are
de ned that allow switching to the connected sub-movie bgkihg with the mouse
into the bounding-box area. Since the areas of the sub-wdwwerlap, only links to
the two sub-volumes around the left and right cerebral yades attached.

The overview sub-movie is assembled of ve tiles. A largeteettile shows the

back side of the CTA volume. From this side the vessels arevimbte, especially if
some structures are cut away by the clip plane. For a detaitédto the tile zoomed
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(a) (b)

() (d)

Figure 5.8: Four screenshots of a standardized medical object movieef@nalysis of in-
tracranial aneurysms. (a) Overview of the complete CTA dataset; (v@wewith occluding

structures cut away by an automatically positioned clip plane. In addition tineday boxes
of the sub-volumes around the left and right cerebral arteries avenst{o) The sub-volume
around the left cerebral artery; (d) A zoomed view which correspdadhe view in (c).

views are attached. The four other tiles allow rotationseft right, top, and bottom.
A full rotation about360 is not supported because on the front side the vessels are
usually occluded by the skull.

The four sub-movies that show the four sub-volumes all hbeesame structure.
They have only one visualization mode that shows the subaves completely. The
tiles are arranged in a way that allows compl@®® rotation in pan and in tilt direc-
tion. Furthermore, there are small zoom areas on the frahttlea back side of the
sub-volumes.

Figure 5.8 shows several screenshots of an automaticallgrgeed object movie.
The images have a resolution of 640x480 pixels. As imagedbdREG with average
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quality (quality factor 50) is used. The average size of glsinview is about 30 KB.
The difference images for the link areas are stored in PN@&dor They have an
average size of about 15 KB. The complete object movie con2292 images and
has s size of about 50 MB. The average frame rate for the switthd®n images that
are stored in the client side cache is about 10 frames pendexoa standard PC. The
download time for images depends on the location where tfecbinovie is stored
and on the speed of the applied network connection.

5.3 A Visualization Service for Standardized Medical
Analysis

A fundamental requirement for the applicability of autoethinedical analysis and
visualization is the easy accessibility of the functiotyally a large group of clinical
users. An obvious approach is to make the processing pgaliailable as a service via
the web that can be accessed by any workstation with commmeictithe internet. The
costly data analysis and rendering procedures can theeepgrformed on specialized
high-performance hardware that is supplied by the senvrioéger. Besides the speed-
up of the batch analysis and visualization process, thisemnbrings the advantage
that the initiation of the automated visualization can beied out at another place
than the investigation of the visual results. For example,drocess could be started
from a workstation that is directly connected to the imagilegice where the data is
acquired, and the generated visualization could be actéssa another workstation
that is placed in the operation room.

The provision of visualization functionality as a servida the internet is a fre-
guently applied concept in many visualization areas. Tiseseices shift some or all
stages of the visualization pipeline (see Section 2.2) terees, in order to give ac-
cess to data or functionality that is not available in theal@nvironment of a user. A
typical application eld of visualization services ageographic information systems
(GIS), which visualize spatially located data, like measureimand statistical values,
in their geographical contexi15; 148. Other services aim to support the visualiza-
tion of scienti ¢ data[6; 99. For medical purposes also a number of service based ap-
plications have been proposed. Aeisal.[5] and Montagnagét al.[86] presented web
services for remote 3D visualization of medical image d&ipaudet al.[41] devel-
oped a service that matches patient speci c image data witlaia atlas. The system
of Kooperet al. [66] allows the reconstruction of a 3D volume from cross-seetion
microscopic images. Moreover, some vendors of commeraadical visualization en-
vironments have integrated interfaces for remote accedatsoand functionality127;
137.

Visualization services can be classi ed by the visuali@zatpipline stages that they
provide. Basically, there are two classes of services: thizsealelegate the rendering
to the client computercfient-based rendering and those that perform the rendering
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on the serverderver-based rendering Services of the rst class usually act as a
remote data source, e.g. for large data that can't be starddeoclient computer or
data which is acquired at the remote site. Furthermore gtkesvices often provide
specialized functionality for data preprocessing.

The second class of visualization services — the servicéssgrver-based render-
ing — can be further subdivided into those service that retigevisualizations on the
y ( remote renderingand those services that prerender a couple of images irch bat
process ljatch renderingg While remote rendering services focus on the interactive
manipulation of the visualization, batch rendering can fygliad for automated visu-
alization tasks. E.g., Chesat al.[19] applied the object movie technique for precom-
puting 3D visualizations of scienti ¢ datasets, which canibteractively investigated
with a specialized viewer. Iserhardt-Baugtral. [55; 56 developed a web service
that provides the standardized analysis and visualizati@ntracranial aneurysms, as
described in Section 5.1.

In this section a visualization service for standardizedliced analysis is pre-
sented, which is based on the concepts proposed by IseiBanétret al. These basic
concepts have been advanced in two ways. On the one handj@s®chitecture was
developed that abstracts from a certain medical applicaiek. Thus, visualization
services for different medical purposes can be easilyzeadiand even provided by the
same service hardware. On the other hand, a technique faltgddratch rendering on
a GPU-cluster was integrated. This permits the generafioaroplex video sequences
and object movies in a couple of minutes, and, thus, makeseiwice applicable for
clinical routine.

5.3.1 System Architecture and Work ow

The visualization service system consists of two major comepts (see Figure 5.9).
On the one hand, there is a web server that provides the waifieioeé and manages the
user data. It is based onfamcatHTTP server, an open source project of the Apache
Software Foundatiof2], which provides a runtime environment féava Servletand
java server page8lSP3. This offers an easy way for the implementation of dynamic
HTML pages and the processing of user requests.

The other component is tirender servera GPU-cluster that performs the ren-
dering and the encoding of videos and object movies. Thistefuconsists of eight
standard PCs (4 GB RAM, 2 AMD Opteron 2.2 GHz), each containing MVIDIA
GForce 6800 Ultragraphics card with 256 MB RAM. The cluster nodes are connected
with a fastin niband network. The inter cluster communication is performed with
the message passing interfa¢@lPl) [89], a special API for parallel processes. The
web server and the cluster communicate VieEGP/IP connection with a standardized
protocol for different analysis requests.

A typical work ow of standardized medical analysis perfachwith the visual-
ization service is shown in Figure 5.10. In the beginningoanection to the web
server is established via the dynamic web interface. Thenuser uploads a pre-
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Figure 5.9: Architecture of the web service composed of a web sereern dPU-Cluster,
which builds the render server

viously acquired volume dataset of the examined patientpradides, if necessary,
some additional input parameters. Finally, the user cam thia analysis by demand-
ing the generation of either a couple of video sequences anoédical object movie.
The web server processes the demand and sends a standarciiesis request to the
render server via the TCP/IP connection. At the render serdedicated cluster node
(manager nodgtakes the request, divides it into several jobs, and distes them to
the other cluster nodesefider nodes The render nodes perform the jobs in parallel
and notify the manager node when they have nished. When b# pre terminated
the manager node informs the web server, which then protidegdeos or the object
movie to the user via the web interface.

5.3.2 Render Server

Therender serverepresents the rendering back end of the visualizationceerit is
responsible for the processing of analysis tasks and fogeéheration of standardized
batch visualizations. For design and implementation oféneler server two demands
were taken into account. On the one hand, it should be ajyi¢ica different medical
analysis tasks; on the other hand, it should easily be pegsilintegrate new analysis
and visualization functionality.

To achieve these goals, the render server provides a sthrelhcommunication
interface through which it accepts standardized requdseseby, it is possible that
the render server can be accessed by several differents;henich potentially realize
different visualization services for different medicalrposes. The only prerequisite
is that service clients and render server have access taedshasystem that can be
used for data exchange (e.g. of the examined volume datasatheron, the sup-
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Figure 5.10: Work ow of automated visualization: A user demands the geioarof video
sequences or of a medical object movie via a web interface. The wedr sakes this request
and sends it to the render server. There the request is distributeceeinded in parallel.
After nishing, the video sequences or the object movie are provideddamload.

ported requests provide functionality on a level that aastrfrom the current analysis
task. Functionality which depends on the speci ¢ medical@ation, e.g. the deter-
mination of the clivus position (see Section 5.1), has todrgrdouted by the respective
service client.

Parallel Processing of Analysis Requests

The render server is realized as an MPI program. This meand thcts like a single
program consisting of several processes that run on differie@ster nodes. The ad-
vantage of MPI is that it works with arbitrary hardware. Thas MPI program can
either run on a cluster, a parallel computer or even on asiR@. When the program
is started a prede ned number of similar MPI processes anemged and automati-
cally distributed to the available hardware. Since eaclegss is executing the same
program, a single MPI process has to distinguish its spewle by its unique rank.
Usually, the process with rank 0 is acting as the so-callestenahat distributes the
tasks to the other processes (the slaves) and merges this.rdsigure 5.11 shows
how the work is divided on the render server. The handling disttibution of ren-
der request is carried out by the manager process (mastal3t the render processes
(slaves) perform the rendering and video encoding.

The manager process is composed of three major modules i(pee B.11 mid-
dle): theTCP serverthejob managemland thegob dispatcher The TCP server module
realizes functionality for external communication. It &#to a speci ed port and is
waiting for incoming connections from different client$.the TCP server has estab-
lished a connection and has received a request, it passesdliest to the job manager.
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Figure 5.11: Architecture of the render server: It consists of a singleagex process and
several render processes, which actually perform the visualizatijpests.

This takes the request, splits it into a number of parallecatable jobs and stores
them in a job queue. Finally, the job dispatcher distribihese jobs via MPI to the
render processes. For this purpose, it continously manitoe states of the render
processes and sends a job to the next one that is idle. Thisitg® guarantees the
optimal exploitation of the hardware and permits acceptifuigultiple requests at the
same time because the requests are buffered until the eeduardware is on hand.

Normally, the jobs are processed in the order they are quanedif possible, ex-
ecuted in parallel. However, there are cases where a peyotuhas to be nished
before a successor can be started. For example, the trdnsétion has to be gen-
erated prior to any batch visualization (see below). F® thirpose, it is possible to
de ne dependencies on preceding jobs, and a dependentpoib @ hold until all pre-
decessors are completed. Further, to each job processorgypcan be applied that
ensures its privileged treatment. Through this, jobs tkatira fast response can be ex-
ecuted preferentially, even if the job queue is crowded witter long lasting requests.
A typical example is the generation of a preview image, thaul be provided to the
user as fast as possible.

After the generation and distribution of the jobs, they areceited by the render
processes, which consist of two modules (see Figure 5.ht)rigon the one hand,
there is thecommunicatarwhich acts as the counterpart of tjod dispatcherat the
manager process. It takes an assigned job via MPI, perfoomg greparations and
delegates it to the other module, tapplication object This is responsible for the
execution of the job, e.g. the rendering of the frames of awiskquence. Thus, when
new functionality should be added to the render serverchblgithe application object
has to be extended.
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Standardized Analysis Requests

Currently, the render server supports three types of asatgsjuests. One for the
creation of a set of video sequences, one for the creatiojeCbomovies, and one
for the rendering of preview images of the video sequencdsoarect movies. The
preview request is intended for giving the user a quick irgi@n of the rendering
result, before starting a time-consuming video or objectimgeneration request.

A request contains all parameters that are needed for tlcegoe of the demanded
task. To keep the network traf c low, the visualization daszlf is not sent along with
the request. Instead, a service client has to store the datlaeoshared le system
and to give the corresponding le names via the request. Tdrencon parameter
of the three supported request types is the le name of thervks volume data set.
Moreover, the requests all apply the concept of automasester function generation,
which was introduced in Section 5.1. To allow the applicatad different types of
datasets and different transfer functions, the requestts hwo extra parameters that
give the lename of a speci c template transfer function arfdhe associated template
dataset. Since transfer function generation is an expemssk, an optional parameter
can be de ned that gives a le name for storage of the indiailtijpadjusted transfer
function. When the dataset-speci c transfer function adseaxists, it is loaded from
the le system. Otherwise, it is generated and saved undespleci ed name.

Video Request A video request provides the generation of one or more viégeo s
guences of the observed dataset. Besides the common pamafoetbe speci cation
of the dataset and the transfer function, the camera patiestb#de given to the render
server. They are stored in external les and describe thaation of the camera by the
concatenation of six basic types of movement: translat@bmsg the three coordinate
axis and rotations around the three axis. For each movenvahi@ (length for transla-
tions, degree for rotations) and a duration in seconds haes d@ ned. Jumps between
camera positions can be realized by movements with a darafiaero seconds. The
render server, namely the application object, transfolmscbntinuous camera path
into a sequence of discrete camera positions. By the demdraded rate of the video
sequences, which has to be given as an additional requeshetar, it is determined
which camera positions have to be taken. Furthermore, thieealpvideo codec can be
chosen.

For each video sequence of a video request it can be de néxa ivisualizations
should be generated from the complete volume dataset ordrpraviously extracted
sub-volume. If a sub-volume should be taken, the center la@extent of the sub-
volume has to be given. In addition, an individual clip plara® be de ned for each
video sequence which cuts away parts of the visualized veldataset.

When the job manager receives a video request, it primarigk$if the dataset-
speci ¢ transfer function already exists, or if it has to kengrated rst. In the latter
case, the job manager creates a job for transfer functioarggéan and appends it to
the job queue. Then several jobs for the generation of theestqd video sequences
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are created. To ensure that they are not executed beforeatisddr function exists,
they are marked as dependent from the transfer-functian job

The number of created video generation jobs depends on gie@parallelization
strategy. An obvious approach is the parallelization onlével of complete video
sequences. Here, for each requested video sequence atsgpara created. Thus,
if enough render processes are available, all requesteyidan be rendered and
encoded in parallel. But in case that there are less videerggan jobs than idle
render processes, or if the different video sequences rffeckdt time for generation,
the available hardware is not optimally exploited. To oeene these drawbacks, the
generation of a single video sequence can be distributeglral smaller jobs. Each
job is responsible for rendering and encoding of a certaihqia video sequence, and
in the end the video parts are merged to a single video. Thettedwork load of the
available hardware resources can be better balanced. legwiehas to be taken into
account that the video parts have to be merged, which is ataltg time consuming
task.

The render server supports both approaches for paratielizaf the video gen-
eration. The subdivision of the video sequences is realmethe level of frames.
Therefore, the complete number of frames of a video sequsmedculated, the video
sequence is split into parts of xed frame numbers, and fahgaart a video gener-
ation job with additional infomation about the start frameahe frame number is
created. In addition, an extra job is created that is resplanfor the merging of the
video parts.

Object Movie Request An object movie request provides the generation of a single
medical object movie. It is similarly structured like a vadesquest, but instead of
camera paths for video sequences the structure of the abgge has to be de ned.
For this purpose, basically the format of the meta info ledsSection 5.2.1) is used.
The major difference is that the links to the byte addres$éiseoviews are missing.

In addition, for each sub-movie it has to be de ned if it stbulsualize the complete
volume dataset or just a sub-volume. Furthermore, to eaalalization mode of a
sub-movie an optional clip plane can be applied. Finallg ithage format and the
output quality (degree of compression) can be chosen.

Similar to a video request, an object movie request is split one job for transfer
function computation and several jobs for the renderingpefdbject movie views. For
each tile in the object-movie a separate rendering job @tece The render processes
store the images of the tiles in sequential order in tempolas. In the end, a nalize
job merges the temporary les to a single image le and writles byte addresses of
the images to a newly created meta info le. Since a medic@aibmovie usually
consists of a large number of small tiles, a large number aflls@nder jobs is created
that are equally distributed to the available render preegsThus, in the average case
a good balanced work load is achieved.
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Preview Request A preview request precomputes a single view from a set ofovide
sequences or from an object movie. The base structure ofvéepreequest is the
same like that for the corresponding video or object movigiest. In addition, it has
to be de ned which view should be prerendered. For video ipres this is done by
specifying the concerned video sequence and the point i &inwhich the preview
should be taken. For object movie reviews the affected salerand visualization
mode, and an id that speci es the location of the view haveetdéned. To give a fast
feedback to the user, even if there are other requests inuigeq a preview request
gets a higher processing priority than the other two regyests.

5.3.3 Web Application

As mentioned before, the render server can be accesseditvgigrblients that realize
a visualization service for a certain medical task. Curetitlere is a single service
client, a web server that provides a web application for taedardized analysis of
intracranial aneurysms. The web application consists okb-based user interface
and a base module. The base module takes the user requgsishera to requests for
the render server and manages the communication with tderserver. Furthermore,
it is responsible for the maintenance of the user data andatah visualizations that
were created by the render server.

Each registered user of the web application can accessdbaliation service via
the web interface. After login a user can upload patientispgolume datasets and
start different analysis tasks on the data. Currently, thypees of analysis tasks can be
carried out: the generation of video sequences, the creatian object movie and the
rendering of a preview image.

Figure 5.12 shows a screenshot of the web interface wheretinergtion of video
sequences is requested. On the left hand side a web form c@ebén which the user
has to specify several parameters that control the videerg&an task. The most im-
portant parameter is the position of the clivus, which isdeekfor the determination of
the sub-volumes and the clip plane. Furthermore, it can breedevhich video codec
should be used, and it can be selected which video sequehcakl e generated.
The service can generate up to ve video sequences: oneiewemdeo, and four
videos of sub-volumes that enclose areas with a high riskntoacranial aneurysms
(see Section 5.1). For each of the video sequences the usden@and a preview. In
this case the rst frame of the respective video sequencendered by the service and
immediately presented in an extra browser window (see Eigur2 right). This allows
the user getting a rstimpression of the visualized objddtereby it can be checked if
a video will show relevant information, e.g. an aneurysmmdf, the respective video
sequence can be deselected in the request form to save tithe foverall analysis.

The web form for the request of an object movie looks simiehe form for video
sequences. Butin contrast the user can select here whiamsuies and visualization
modes should be added to the object movie, whereby the olmecie structure is
chosen as it was described in Section 5.2.3. As for the vidgoences, a preview
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Figure 5.12: A screenshot of the web interface of the service for atdimbd analysis of
intracranial aneurysms. In the form on the left hand side the user hametifysthe clivus

position and can choose the video format and the video sequencesdhit bb generated.
On the right hand side a preview image of the overview video is presented.

image can be demanded for each sub-movie and visualizatiole m

When the web application gets a user request, the base matkele the clivus
position and computes the positions of the sub-volumesddseribed in Section 5.1.
Then, it creates a request where it explicitly de nes paransg like the volume dataset
that should be visualized and the template transfer fun¢kiat should be chosen. Due
to the user input, further parameters are added which deterthe structure of the
requested video sequences or sub-movies. Finally, theesedgsisend to the render
server, which processes it in parallel (see Section 5.3\2)en the render server has
nished the request, it informs the web application, whiaglo\pdes the visualization
results to the user via the web interface. Generated vidpgesees can be downloaded
and watched with an arbitrary video viewer; generated aby@mvies are provided via
the Java Applet viewer (see Section 5.2.2), which is integranto the web interface.
Thus, no explicit download of the object movie is required.

5.3.4 Performance

The performance of the visualization service was tested thié hardware con gu-
ration described in Section 5.3.1 As stated there, thezadliGPU-cluster consists of
eight nodes. One node is acting as manager and seven nodesiaedy processing
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frames per job 600 300 200 100 50
1 overview 94 52 37 21 23
1 sub-volume 54 29 21 14 15

1 overview+ 4 sub-volume 94 57 57 60 65

Table 5.1: Video generation times in seconds for different subdivisiotegtes from 600
frames per video part to 50 frames per video part. For each strategyuthéot for the
generation of the overview video, for the generation of a single subn@hideo, and for the
combined generation of the overview video and four sub-volume videssweasured. All
generated video sequences have a total length of 600 frames.

rendering jobs. In order to nd the best approach for expigithe available rendering
hardware, several parallelization con gurations haverbeeamined. The tests were
carried out with a CTA volume dataset that has an originaluéiem of 512 512 246
voxels and a sub-volume size of 25856 199 voxels. Each generated video consists
of 600 frames and a frame has a resolution of 6480 pixels. The videos are encoded
in mpegformat. The applied camera paths were chosen like propgasgection 5.1.

Time measurements have been taken for three differentcapipin scenarios: sin-
gle generation of the overview video, single generation sefia-volume video, and
generation of all ve videos in parallel. For each of thesersrios, ve different
subdivision strategies from 600 frames per video part (ramisision) to 50 frames
per video part (twelve parts per video) have been tested. r@idts are shown in
Table 5.1.

For the simplest distribution approach, each video is resttlas a whole (600
frames) on a separate render node. In this case, the gemeoatihe overview video
takes 94 seconds, the generation of the sub-volume vides &k seconds. The total
generation time for the set of ve videos is also 94 secondsiclvis equivalent to
the generation time for the most time consuming overview fibce there are seven
render nodes and only ve render jobs, the cluster is notatgd optimally. If the
videos are split into parts of 300 frames, there are ten rgotds for the ve videos,
so some of the cluster nodes have to perform two jobs. Dueetteiier utilization
of the hardware the total video generation time goes dowrvYteegonds. When the
videos are further subdivided there is no further improvetm&he rendering times are
even getting worse because of the increasing overheaddiibdition and merging of
the videos. In contrast to that, the performance for theeand of a single video is
improving down to the splitting of the videos into parts oDlifames. The reason is
that six jobs are built, which can be performed completelgarallel on the available
render nodes. A further split into parts of 50 frames (twéghies) brings no advantage.
In addtion, it can be noticed, that the generation time fentileos is not decreasing
linearly with respect to the number of involved cluster radEhis is once again due to
the overhead of communication. As a result it can be statictile hardware is opti-
mally exploited, when the number of distributed jobs is bgdahe number of available
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cluster nodes. However, if the execution time of the remdgjobs differ noticeably,
like for the overview video and the sub-volume videos, a subidn to smaller parts
would guarantee a better balanced exploitation of the etugides, whereas the extra
effort for distribution management and the assembling ef tfal videos has also to
be taken into account.

The performance for the generation of object movies is sini that for video
generation. E.g., an object movie of about 2300 images idereal and assembled
in i approximately 100 seconds. The parallelization of thgeot movie generation
depends on the structure of the object movie. Thus, it is ossiple to apply different
sub-division strategies. A preview image is rendered inualloree seconds. Since
this is near real time the preview functionality can be ussddirect control of the
visualization result and interactive adaption of the vieagion parameters, e.g. the
clivus position. To get the complete time for an automateslyasns one has to add the
time which is needed for the generation of the transfer fonctThis procedure can
not be parallelized and takes about 30 seconds. Howevemreagenerated transfer
function is stored by the service and re-used for subsequsinlizations of the same
dataset.

5.4 Conclusion

In this chapter the eld of automated medical volume viszatiion was addressed. Au-
tomated medical volume visualization provides standadianalysis and visualization
procedures for certain medical tasks. These proceduresusmenatically performed
without user interaction, and the results can be examingepi@ndently of the visual-
ization system. Automated medical volume visualizatiaquiees, on the one hand, an
adequate method for the presentation of the automaticatggted visualization re-
sults and, on the other hand, an intuitive way to access thedad functionality. The
system for automated medical visualization that was pteseim this chapter takes
both requirements into account.

For the presentation of prerendered visualization regitbject movies were
proposed. Object movies provide 2D images of a 3D object et taken from
different camera positions on a spherical hull around theatb With a specialized
viewer a user can interactively navigate between thesesviear the purpose of med-
ical visualization a new medical-object-movie format waveloped, that takes the
needs of visual medical analysis into account. In this farmmsualizations that were
generated with different parameter con gurations (vigatlon modes) and visualiza-
tions of different parts of a dataset can be combined. Thilshfarmation that is
relevant for a certain analysis task can be joined in a simgieie. For presentation of
a medical object movie a Java-based viewer was developedahde integrated into
a web page. Due to a sophisticated image download and cacbiagpt a user can
directly navigate along the prerendered visualizatioas éine provided by the movie.

The automated generation of medical object movies was raieg into a web-
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based visualization service system that performs starmal@dnalysis and visualiza-
tion procedures according to a prede ned protocol. Thigesysconsists of a web
server that provides the visualization functionality vidymamic webinterface and a
render server that performs the automated analysis andliaation of the data. The
render server is build by a cluster of GPU-equipped PCs, wherterate video se-
guences and object movies in parallel. The visualizatemise system was success-
fully applied for the standardized analysis of intracrhai@eurysms.

The system, namely the render server, was designed in a wbgltbws the easy
adaption for other medical visualization tasks. Howewudras to be stated out that the
applicability of the visualization service is restrictedhose task, for which the whole
process of segmentation, registration and visualizateonbe completely automated.
There are many segmentation and registration methods éar spnedical problems
that require interaction of the user. But even for those @wis, the service could be
applied to generate standardized and comparable vistiafiza



CHAPTER

I TERATIVE DEVELOPMENT OFMEDICAL
VOLUME-VISUALIZATION SOLUTIONS

The previous chapters addressed the problem of medicaineolusualization on dif-
ferent levels of abstraction. Basis of all presented teclesqgs the multi-volume
rendering framework that was introduced in Chapter 3. Thergie different tools
and techniques for interactive and automated volume vigatain represent different
stages of an iterative development process of medical vhisualization solutions.
Since most of the visualization methods were developed iareigc way, they can
easily be adapted for other medical purposes. In the follgné common processing
model for the iterative development of medical volume vigadion solutions is pro-
posed, which is based on the generic visualization contleatsvere developed in the
course of this thesis and which can be applied for differireglival tasks.

6.1 Four Stages of Medical Volume Visualization

The development model for medical volume visualizatiorusohs consists of four
stages (see Figure 6.1). It begins with 2D analysis of thelieed| image data goes
on with a generic 3D visualization prototype, is then folemhby a speci c interac-
tive visualization application and ends with an automatiedalization service that is
applicable for a large group of users.

While the rst stage represents the process that is carri¢deiore the applica-
tion of 3D visualization techniques, the other three emplagdware-supported direct
volume visualization on different levels of specializatiand standardization. These
three stages can be further sub-divided into three phaseeragtion, application, and
validation. In the generation step, a visualization soluif the current development
stage is assembled due to the experiences that were gaitheddrevious stage. Then,
the visualization solution is applied to a couple of real Marases, and, nally, it is
evaluated if the analysis of the acquired data is suppontéiael desired way. Usually,
the application and validation step are carried out regdatentil the achieved visu-
alization results ful Il the demands of the medical task. this case, the generation
of the visualization solution on the next development stzaebe started. When the
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Classical 2D Analysis j
3D Visualization Prototype j
Specialized 3D-Visualization Application j

3D-Visualization Service

Figure 6.1: Processing model for the iterative development of medicaineoiisualization
solutions: The rst stage represents the situation before the applicatioD eisdialization.

The other three represent 3D visualization stages on different levefseofalization. In each
stage the concepts that where developed for the previous stage aréntakaccount. When
necessary, it can be returned to the previous stage to re ne the thezkped visualization
solution.

desired objectives can not be accomplished on the currage sit potentially makes
sense to return to the previous stage on which the visuzablution can be adapted
on a more general level.

Classical 2D Analysis

The development of a medical volume visualization solutibwmays starts with a spe-
ci c application case for which 3D visualization technigushould be applied. This
can for example be the diagnosis of a special disease, thaiptpof a surgical in-
tervention or the analysis of data that was acquired foraresepurposes. For this
application case usually a work ow has been establishetidbmprises the acquisi-
tion of the tomographic images and the analysis of the dadaclassical slice-by-slice
manner. Thus, the involved medical doctors or researchere h clear idea about
which images should be taken with a certain imaging modatity which information
can be extracted from this data. 3D volume visualizatiohiégues can support the
analysis of this data in several ways. On the one hand, 3xNzsiion eases the ex-
amination of three-dimensional data, because the spal#ionship between different
structures is directly displayed. Thus, the analysis p®can be accelerated. Further-
more, 3D visualization provides new insights into the datd allows the application
of complex interaction methods.
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3D Visualization Prototype

In the rst stage of 3D visualization a prototypic volume wadization solution for the
acquired image data is developed. For this purpose, theigamdume visualization
tool that was presented in Section 4.1 can be employed. ddlisliows the interactive
manipulation of the render graph and, thus, its applicatordifferent visualization
purposes. At rst, a medical expert, who is familiar with timedical application case,
and a visualization expert, who knows the generic volumealization tool, explore
which render nodes have to be combined to achieve the d&ir@desentation of the
data. If necessary, new render nodes are implemented agtated into the system
like described in Section 4.1.2. When a visualization is tbtimat best ts to the
data, the corresponding render graph can be serializedtaretisas a XML le for
later reuse. Depending on the application task, severaleregraphs for different
combinations of the acquired datasets can be arranged.

In the application and validation phase the prede ned regdaphs are applied to
a number of selected cases of clinical practice or reasediwtreby, it can be evalu-
ated if the developed visualization patterns meet the rements of the medical task.
Usually, the render graphs will be iteratively adapted axtéreded until the medical
experts are satis ed with the results. Further on, it cowddren that the prototypic 3D
visualizations show that the acquired medical images dgprmtide adequate infor-
mation for visualization. In this case, it should be returte the previous evolution
stage to primarily adapt the image acquisition work ow.

Specialized 3D Visualization Application

In the next development stage a customized volume visu@liizapplication is de-
veloped that is based on the visualization patterns thag¢ wesigned in the previous
prototype stage. This application can utilize the multitvoe rendering framework
and combine it with a task-speci c user interface. The airtoigenerate a visualiza-
tion tool that supports researchers and medical doctotsein daily work. Therfore,
the underlying details about the employed render graphgdte hidden, and instead
interaction mechanisms should be provided that t to thdiappon domain. Thereby,
the tool should allow the exible analysis of standard andstandard cases. When
necessary, the underlying rendering framework can be é&teby new rendering tech-
niques that permit a better optimization of the visualimafprocess.

The task-speci ¢ 3D visualization tool is applied to all eaghat occur in clinical
or research routine. Since the tool provides a domain-speser interface it can be
employed by researchers and medical doctors who have erperivith the medical
application but who must not be familiar with the underlyingualization techniques.
Thereby, best-practice visualization work ows can be elabed that support the anal-
ysis task in an optimal way. If it is discovered that the spkoed application does not
provide all visualization concepts that are necessaryr@dequate visual analysis of
the data, one can return to the previous stage, re ne thefyme and integrate the
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improved techniques into the specialized visualizatian.to

3D-Visualization Service

Based on the visualization work ows that were elaboratedhangrevious stage, in the
last stage of the processing model a 3D visualization serngicleveloped that auto-
mates and standardizes the visualization process. Theréfe visualization service
system that was presented in Section 5.3 can be employedpptieation object (see
Section 5.3.2) has to be extended by the new analysis analizigtion techniques that
were developed for the speci ¢ application case. Furtheemetructures for video
sequences and object movies have to be designed that nefpitesanalyzed datasets.
When necessary, new analysis requests for the new tasksdbeedeveloped and to
be integrated into the system. Finally, a task-speci ¢ webrface has to be composed
that provides intuitive access to the service functiopalit

The service can be employed by a large group of users. Atmgiical doctors
and researchers can use it to improve and speed-up the isnaflyse medical data.
Since most steps of the analysis and visualization progesaidomated, the service
can also be operated by other medical personnel who hashesdddge about the
medical details. The service functionality can even beatgd by doctors in smaller
medical facilities who are not experts for the speci ¢ meditask. The service further
allows the incorporation of experts from remote locations.

There are two situations which can necessitate the retuthetgrevious evolu-
tion stage. First, it can be found that a visualization wank is not suited for au-
tomation. Then, the work ow has to be appropriately adagted evaluated with the
corresponding interactive visualization tool. The oth&ragion can occur during the
regular application of the service when the prede ned wark does not provide an
adequate visualization for the current data. In this cagege@dical expert should addi-
tionally examine the data with the interactive 3D visudi@atool. Consequently, the
visualization service does not replace the related intewisualization application,
but the two complement one another. The service can be ussthftdard cases, and
when problems occur, the interactive application can béiaddlly consulted.

6.2 Discussion

The proposed processing model covers the complete lifee @yfch medical volume
visualization solution. Beginning with the initial requést the application of 3D vol-
ume visualization techniques, in each step the solutioe@®iming more specialized
and the visualization work ow is becoming more standardiz&Vith the increasing
specialization and standardization the number of poteudiers and the amount of an-
alyzed cases can also become larger. Table 6.1 summarezesabpects and illustrates
the different application elds of the different evoluti@tages.

As mentioned before, the different evolution stages comdishree phases: the



| # | Stage || Developers | Users | Application | Workow | Tools / Examples |
1| 2D Analysis || Medical researchers | Medical researchers | Medical and clin- individual Analysis of func-
ical research, few tional brain images
research or clinical (Section 4.2.1),
cases analysis of intracra-
nial aneurysms
(Section 5.1)

2 | 3D Prototype || Medical researchers, Medical experts Research hospital, | de ned Generic multi-
visualization expert, selected clinical volume visualiza-
render-graph pro- cases tion tool,
grammer (Section 4.1),

direct volume defor-
mation (Section 4.3

3 3D App Medical experts, Medical doctors Large hospitals, specialized | Visualization of
visualization expert, clinical routine, functional brain
application program- clinical studies images (Section 4.2
mer

4 | 3D Service || Medical doctors, Medical personnel Hospitals and other| standardized Visualization-
visualization expert, medical facilities, service system,
service programmer medical routine standardized ana-

lysis of intracranial
aneurysms
(Chapter 5)

Table 6.1: Comparison of the four development stages of medical volumalizigtion solutions
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development of the visualization solution, the applicatio a number of cases, and
the evaluation of the bene t of the solution. The developismone by a number of
medical specialists, who have knowledge about the medisk] an expert for medical
visualization and a programming expert, who can implentemtisualization solution
for the current evolution stage. The visualization expets as intermediary between
the medical specialists and the programming expert. Theaalespecialists who are
incorporated in the development process can be any of the os¢he visualization
solution on the previous evolution stage.

For the rst stage — the 2D analysis stage — the developergtandsers are the
same group of persons. Usually, a small group of medicalarekers have devel-
oped an imaging and analysis concept for a certain medisklaiad at the same time
they are the ones who apply these concepts to a couple ofrcasaaclinical cases.
The visualization work ow is not yet xed and can be individlly handeled by dif-
ferent researchers. Examples for this visualization stage¢he analysis of functional
brain images by cognitive neuroscientists (see Sectiolyahd the examination of
intracranial aneurysms by radiologists and neuro surgémesSection 5.1).

The medical researchers that have established the rsio@vent stage can de-
velop the 3D visualization prototype from the second stageooperation with a vi-
sualization expert and a programmer who has deep knowldugé the render graph
framework. The visualization prototype can be used by a rmrmobmedical doctors
or researchers who are experts for the speci ¢ applicatsk.t They have to evaluate
the applicability of the visualization prototype with setied clinical cases. The visual-
ization work ow is prede ned by the visualization prototggut can be easily adapted
when required. Usually, the generic multi-volume visuaiian tool (see Section 4.1)
can be applied for this stage. Another example for a 3D vizatbn prototype is the
direct volume deformation technique that was presente@ati& 4.3.

The specialized 3D visualization application of the thitalge is implemented by
an application programmer, who takes into account the expegs that the medical
experts have made in the previous stage. This applicatiotheaised by any medical
doctor who wants to perform the speci ¢ medical task. It igreby, not restricted to
the research hospital in which it was developed but can bdogtagh by any hospital
with specialists for the medical application for which itsxédesigned. The tool can be
used for all cases in clinical routine. It restricts the wakzation work ow due to its
specialized user interface but still allows the adaptiothefwork ow. When a certain
work ow was established, its applicability can be evaluhte a clinical study. An
example for a specialized 3D visualization applicatiorhis tool for visualization of
functional brain images that was described in Section 4.2.

For the fourth stage a service programmer integrates thblested and evaluated
visualization work ows into the visualization service $gm (see Section 5.3). Be-
cause of the automation of the visualization process, thacgecan be applied by
personell who must not be experts for the medical applinatibhus, it can also be
used by smaller medical facilities, e.g. to nd out if a patiéas a certain disease and
if he or she has to be send to a specialized hospital. Furthéhne service provides the
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possibility to collect data from a large group of patientkisidata could, for example,
be used to get a deeper knowledge about a disease or abouttiess of a therapy.
An example is the standardized analysis of intracranialigrsens, that was detailed
in Section 5.1.

Depending on the medical application, a visualizationts@iumay not pass through
all 3D visualization stages. For example, when a visuabras only needed for a spe-
ci c research topic, the development of a visualizationtptgpe can be suf cient. In
those cases the users are usually willing to cope with theptexity of the generic vol-
ume visualization tool, and it does not make sense to desedpecialized application.
Furthermore, there can be cases where it may not be possiblédmate the visual-
ization work ow. For example, there can be medical problemere each case needs
an individual analysis by an expert. Then it is not necessapyovide a visualization
service for this task.

Since all visualization solutions on the different develgmt stages are based on
the exible multi-volume rendering framework, new visuadtion methods that were
developed for a certain medical application can be reusedther tasks. The reuse
of newly developed render nodes is obvious, but also speethiendering techniques
can be employed for other purposes. E.g., the technique fefrdd multi-volume
shading, which was introduced in Section 4.2.3, could beleyeg for performance
improvements in many medical visualization applicatiofise method for direct visu-
alization of deformed volumes, which was proposed in Sacti8.2, could for exam-
ple also be used for the direct visualization of local regisdn results. Consequently,
the framework provides a exible and extensible platform feost medical volume
visualization purposes.

In practice, the described processing model supports (anmhdds) the close col-
laboration of medical researchers and medical practitgr® successful example for
such a close collaboration between medical research angtah@dactice is given by
the research instituteraunhofer MEVIS35] and the af liated MeVis Medical Solu-
tions AG[83]. There, a process for the transfer of research results incaléchage
analysis and medical visualization is established. WhiteiRhofer MEVIS is respon-
sible for basic research, MeVis Medical Solutions AG pragiisoftware products for
medical analysis and visualization that incorporate tiseaech results of Frauenhofer
MEVIS. Basis for the work of both institutions MeVisLab[84], which is a software
framework for medical image processing and visualizatitirprovides, on the one
hand, a exible GUI with which a sophisticated user can iatgively combine exist-
ing functionality via a graph. On the other hand, it can beduse a platform for the
development of task-speci ¢ medical applications. Thtusan applied for the fast ex-
ploration of new application elds, and the ndings can besiaintegrated into new
software products.

Summarizing, MeVisLab can be employed in a similar way Ik €xible volume
rendering framework that was developed for this thesis. Maver, MeVis Medical
Solutions AG providesMeVis Distant ServiceE82] for remote preparation of liver
surgeries. However, as far as we know, MEVIS has not intreduc xed processing
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model for the development of medical analysis and visuidinasolutions as the one
proposed here, and the analysis and visualization servidevér surgery is not auto-
mated but provided manual by a team of medical specialistvualization experts.



CHAPTER

CONCLUSION

This thesis addressed the problem of volume visualizatbwmfedical applications
on three different levels of abstraction. On the lowest llevéhe level of render-
ing — a exible framework for GPU-based rendering of muléplolume datasets was
introduced. With the so-called render graph complex vigatibns of arbitrary multi-
volume scenes can be designed. The render graph is buildushber of render nodes
that represent different stages of the shading process;lifping of a volume against
a plane or mapping a sample to a color due to a transfer funciach render node
provides the information that is needed for the evaluatidtsspeci ¢ responsibility.
From this information a shader generator assembles a nushisBader programs for
GPU-accelerated rendering. The modular design of the frameallows the combi-
nation of the render graph concept with different volumele¥ing techniques. Here,
two different techniques for GPU-based multi-volume remdghave been proposed:
slice-based multi-volume rendering and GPU-based maultiwme ray casting.

The multi-volume rendering framework provides a high degrk exibility, which
allows its employment for a large variety of medical vismation purposes. On the
second level of abstraction — the level of interactive maldvolume visualization —
several techniques have been presented that not only dawatedsthe framework's
exibility but which have also shown that new rendering tacfues can easily be
integrated by slight adaptions. First, a tool for generidtiruolume visualization was
introduced that allows the direct con guration of the rengeaph on a graphical level.
Furthermore, it provides a standardized interface forresttan by new render nodes
and can, thus, easily be applied for new visualization isl.

The second application considered the visualization oftional MRI (fMRI) im-
ages of the human brain. Those fMRI volumes are, for exampbpjieed for studies
in cognitive neuro science. The challenge here was to peotrid anatomical brain
structure without occluding the functional information.dB#es several standard multi-
volume visualization techniques, like clipping and remagiof semi-transparent iso-
surfaces, the application of line integral convolution@).Wwas proposed as a solution
of this problem. With this ow visualization technique thargature of the anatomical
brain surface can be emphasized while simultaneously taeitypcan be reduced. For
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fast computation of the LIC integral a technique for deférmaulti-volume shading
was integrated into the multi-volume rendering framewavkich permits the restric-
tion of expensive shading operations to the effective lesgurface of a volumetric
object.

As a third interactive volume visualization technique almoek for direct volume
deformation was presented. This method employs the pHlysioapired 3D Chain-
Mail algorithm and performs the complete pipeline of defation and visualization
on the GPU. Therefore several GPGPU shaders are evaluatedefiorm the volume
with respect to the current mouse movement. From the defbrokime an inverse
deformation volume is generated by a gradient-decentitikersion algorithm. The
inverse deformation volume allows the direct visualizatod the deformation by the
standard rendering techniques that are provided by the-sallime rendering frame-
work.

On the highest abstraction level techniques for automatedical volume visu-
alization were considered. These techniques automatigatierate a couple of pre-
de ned visualizations of a medical volume and present thiese medical doctor in
an intuitive way. First, a concept for the intuitive pressitn of the pre-rendered vi-
sualizations was presented, which is based on 3D objectanoWor the purpose of
medical volume visualization a new object movie format wagedbped that allows the
incorporation of sub-movies from different parts of a vokiand of sub-movies that
were taken with different visualization con gurations. rRbe automated generation
of medical object movies and video sequences a visualizagovice system was de-
veloped. Here, the user can upload a volume dataset via @pa&sk c web interface
and request the generation of an object movie or a coupledebvsequences. Then,
the object movie or the video sequences are rendered inglamala cluster of GPU-
equipped PCs. Thereby, the visualization results are &lai&fter a few minutes and
the user can access them via the web interface. The senstensyvas designed in
a way that allows the application for different medical pses. It was successfully
tested on the standardized analysis of intracranial aseagy

The visualization techniques that were developed for tluskvdo not only cover
different levels of abstraction, but also represent déffierstages of development that
can be reached by a medical visualization solution. To esipbdhis fact a processing
model for the development of medical volume-visualizasoiutions was presented,
and it was demonstrated that this thesis provides for eagbl@@ment stage a basic
visualization technique that can be adapted for a speci dios purpose. The pro-
cessing model starts with a speci ¢ medical task for whichdioal specialists have
already established an informal work ow for image acquigitand classical 2D anal-
ysis of the data. From these experiences an initial 3D vizabn prototype on the
basis of the generic multi-volume visualization tool is geted. Different visualiza-
tion concepts can be evaluated with this prototype. Thermmtanactive visualization
application is developed that provides a task-speci c ustrface. This application
can be applied for all cases in clinical practice and diffiérgsualization work ows
can be elaborated. In the last development stage these mwskare automated and
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integrated into the web service system. Then, the visuaizaolution is available
for a large group of users in medical facilities of differsiges. Even non-experts can
employ it, and when needed, a specialist can be consulted.

Summarizing, in this thesis a volume visualization concggas presented, that
covers the whole life cycle of a medical volume visualizatsolution. The framework
for GPU-based multi-volume rendering builds the foundatb this concept. Due to
its modularity and its extensibility, the framework can lmeptoyed for a wide range
of medical applications. Visualization and rendering atipms that were developed
for a certain medical task, can be integrated into the fraonkevand applied for other
purposes. Thus, even sophisticated GPU-based volumdizatian techniques can be
quickly established in medical practice. All in all, the posed visualization concept
helps bridging the gap between modern volume visualizagohniques and medical
applications.

However, the medical visualization pipeline does not omlgssist of the rendering
step but incorporates several preprocessing and anatggis, sike Itering, segmen-
tation and registration (see Section 2.2). Since these stién process the volume
data in a similar way like rendering, it is obvious to alsolexghe parallel computing
power of modern GPUs for these tafik49. GPUs have already been successfully
employed for medical image processing tasks, but usualdlgetisolutions are isolated
and not integrated into the visualization process. Thusfukure challenge of med-
ical visualization is the integration of fast GPU-basedoalpms into the complete
medical visualization pipeline and the seamless comlminaif preprocessing, analy-
sis and rendering of medical volume data. For this purpdee&PU-based volume
processing technigues have to be encapsulated, and aetEesapon a more abstract
level have to be provided. Then, the different techniquesbeaquickly combined and
new medical volume processing and visualization concegridbe easily investigated.
Herewith, a processing model similar to the one for the dgwekent of medical vol-
ume visualization solutions that was proposed in this thean be established for the
complete medical volume visualization pipeline. Beginnith the investigation of
new GPU-based volume processing techniques, interaatiddask-speci ¢ applica-
tions can be developed and, nally, the complete volume ymigland visualization
process can be standardized and automated by a service.
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