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Abstract

In computer graphics, ray tracing has become a powerful toadrf generating
realistically looking images. Even though ray tracing o®ersdh °exibility,
a logarithmic scalability in scene complexity, and is known tde ezciently
parallelizable, its demand for compute power has in the pasedd to its
limitation to high-quality o®-line rendering.

This thesis focuses on the question of how realtime ray tracingrt be re-
alized on current processor architectures. To this end, it prades a detailed
analysis of the weaknesses and strengths of current processor iectures,
for the purpose of allowing for highly optimized implementabn. The com-
bination of processor-speci ¢ optimizations with algorithmghat exploit the
coherence of ray tracing, makes it possible to achieve realgénperformance
on a single CPU.

Besides the optimization of the ray tracing algorithm itself,this thesis
focuses on the excient building of spatial index structures. By uilding
these structures from scratch for every frame, interactive ratracing of fully
dynamic scenes becomes possible. Moreover, a parallelizafi@mework for
ray tracing is discussed that exciently exploits the compute pwer of a cluster
of commodity PCs. Finally, a global illumination algorithm is proposed that
exciently combines optimized ray tracing and the paralleliation framework.
The combination makes it possible to compute complete globdlumination
at interactive frame rates.



Kurzfassung

In der Computer-Graphik hat sich Ray-Tracing Angst als wichtiges Werkzeug
zur realistischen Bildsynthese etabliert. Entscheidend dazu igetragen haben
dessen Flexibiliit und logarithmische Skalierung in der Szenen@¥se, sowie
die exziente Parallelisierbarkeit. Aufgrund der hohen Anfordrung an Rechen-
kapazitdt war die Verwendung bisher auf den qualitativ hochwertigenaber
nicht interaktiven Bereich der realistischen Bildsynthese bekrankt.

Diese Dissertation besdliftigt sich mit der Frage, wie die Geschwindigkeit
von Ray-Tracing auf heutigen Prozessorarchitekturen deragesteigert wer-
den kann, dass es die Bildsynthese in Echtzeit efAglicht. Dazu prasen-
tiert die vorliegende Arbeit eine genaue Analyse der &tken und Schvéichen
der heutigen Prozessorarchitekturen, um die bétigten Algorithmen ent-
sprechend zu optimieren. Darauf aufbauend werden Algorithmevorgestellt,
die es im besonderen MaYze erlauben, Hoenz innerhalb des Ray-Tracing
Verfahrens etzient auszunutzen. Diese Kombination von kdlnenz-ausnutzen-
den Algorithmen mit einer prozessoroptimierten Implementiemg ermglicht
sogar die interaktive Bildsynthese bei Ausnutzung der Rechenkaritat eines
einzelnen Prozessors.

Darber hinaus pésentiert die vorliegende Arbeit einen neuen Algorith-
mus, der die Zeit i den Aufbau der #r das Ray-Tracing bemtigten rAum-
lichen Beschleunigungsdatenstrukturen erheblich vedkzt. Der beschleu-
nigte Aufbau erlaubt sogar das interaktive Ray-Tracing von vitstAndig dy-
namischen Szenen. Daneben wird ein ParallelisierungsystainRay-Tracing
vorgestellt, welches die Rechenkapadit eines Netzwerkes von Standardrech-
nern exzient kombiniert, um sogar Bildsynthese in Echtzeit zu meichen.
Abschlie¥zend wird ein Verfahren zur physikalisch korrekten Beichtungssim-
ulation beschrieben, welches bereits vorgestellte Techmke&vie optimiertes
Ray-Tracing und ezziente Parallelisierung verbindet. Diesdkombination
ermdglicht es letztendlich die physikalisch korrekte Beleuchhg mehrmals
pro Sekunde komplett neu zu berechnen.



Zusammenfassung

In der Computer-Graphik hat sich Ray-Tracing Angst als wichtiges Werkzeug
zur realistischen Bildsynthese etabliert. Entscheidend dazu lgpetragen haben
die FlexibilitAt und logarithmische Skalierung in der Szenen@¥se sowie die
exziente Parallelisierbarkeit des Ray-Tracing Verfahrenan sich. Aufgrund
der langen Laufzeit und der hohen Anfordung an Rechenkapa&itwar die
Verwendung von Ray-Tracing bisher auf den qualitativ hochwggen, aber
nicht interaktiven Bereich der realistischen Bildsynthese belcAnkt.

Diese Dissertation besdiftigt sich mit der Frage, wie die Geschwindigkeit
von Ray-Tracing derart gesteigert werden kann, dass Ray-Trimg auch v
die interaktive Bildsynthese bzw. die Bildsynthese in Echtzeigeeignet ist.
Als ersten Schritt dazu pésentiert die vorliegende Arbeit eine genaue Anal-
yse der heutigen Prozessorarchitekturen, die die zugrundei@nde Hardware-
Plattform bilden. Dabei werden deren Srken und Schvéchen detailliert
aufgezeigt und daraus abgeleitet Implementierungs- und Qptierungsricht-
linien vorgestellt. Diese Richtlinien erlauben es, inetzieein Code bei der
Implementierung des Ray-Tracing Verfahrens zu vermeiden.

Einer der Hauptschwerpunkte der vorliegenden Disseration lieguf der
Entwicklung von Algorithmen, die es erlauben KoBrenz innerhalb des Ray-
Tracing Verfahrens etzient auszunutzen. Gerade die Anwendgrvon Oper-
ationen auf kohArente StrahlbAndel anstatt auf einzelne Strahlen eruglicht
eine erhebliche Steigerung der Geschwindigkeit von Ray-Tiag. Dies wird
detailliert an den zwei fundamentalen Algorithmen des Ray+acing Ver-
fahrens, der Traversierung von Strahlen durch eineAumliche Beschleuni-
gungsdatenstruktur und dem Schnittpunkttest zwischen Strahl nd geome-
trischem Primitive aufgezeigt. Beim Schnittpunkttest wird reben der Unter-
stétzung fiv Dreiecke ein besonderes Augenmerk auf die etziente Unter-
stétzung von Freiform°Achen gelegt. Im Gegensatz zur Beschreibung einer
Szene mittels Dreiecken erlaubt die Beschreibung mittels diform°Achen
eine viel kompaktere und genauere Re@gentation. Allerdings gestaltet sich
der berBtigte Schnittpunkttest ungleich aufwendiger. Diese Arbeit it
dazu verschiedene Algorithmen vor, die je hach Anwendungsgehimd Ge-
nauigkeitsanforderungen unterschiedlich eingesetzt werdegnnen. Die Kom-
bination kohArenz-ausnutzender Algorithmen zur Traversierung und Schiit
punktberechnung mit einer exzienten und prozessornahen Inghentierung
ermdglicht sogar die interaktive Bildsynthese bei Ausnutzung der Rben-
kapazitat eines einzelnen Prozessors.

Neben der Optimierung des Ray-Tracing Verfahrens an sich, dtefliese
Dissertation ein Algorithmus vor, um die & Ray-Tracing bendtigten raum-
lichen Beschleunigungsdatenstrukturen exzient aufzubauemabei wird auf



Vi

dieselben Optimierungsstrategien zuickgegri®en, die bereits bei der Be-
schleunigung des Ray-Tracing Verfahrens zum Tragen kommerDer op-
timierte Aufbaualgorithmus erlaubt sogar das interaktive Rg-Tracing von
vollstandig dynamischen Szenen, indem die Beschleunigungsdatenistinuen
mehrmals pro Sekunde komplett neu aufgebaut werden.

Weiterhin wird ein System zur Parallelisierung des Ray-Traog Ver-
fahrens p@ésentiert, das die Rechenkapa#t eines Netzwerkes von Standard-
rechnern exzient kombiniert. Dabei wird das System mit dem 4l entwickelt,
die Nachteile einer solchen verteilten Architektur, wie beisplsweise getren-
nte Hauptspeicher und langsame Verbindungsbandbreiten, exniezu kom-
pensieren. So gelingt es, die Geschwindigkeit von Ray-Tracitigear mit der
Anzahl der verbundenen Rechner zu steigern, wodurch Ray-Tiag sogar in
Echtzeit erméglicht wird.

Im letzten Teil der Dissertation wird ein Verfahren zur physikdéisch kor-
rekten Beleuchtungssimulation vorgestellt, welches die bde vorgestellte
Techniken, hoch optimierter Ray-Tracing Kern und Rahmenw& zur Paral-
lelisierung, e®ektiv verbindet. Die Kombination dieser Tectiken mit einem
auf Koh&renzausnutzung ausgelegtem Algorithmus zur Beleuchtungssiiamu
tion ermdglicht es letztendlich, die physikalisch korrekte Beleuchhg mehr-
mals pro Sekunde komplett neu zu berechnen.
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Chapter 1

Introduction

In the context of computer graphics, the termrendering refers to the pro-
cess of generating a two-dimensional image from a three-dinsemal virtual
scene. Rendering forms the basis for many elds of today's couater graph-
ics, e.g. computer games, visualization, and graphical e®euated for movie
productions. Based on the algorithm used for the rendering press, two
major rendering categories can be classi ed: rasterizatiorabed rendering
and ray tracing-based rendering.

For decades, ray tracing has been used exclusively for high-tityaren-
dering, where it has been known for its long rendering times.hEerefore, ray
tracing's sole application has been o®-line rendering. Onettother hand,
the “eld of interactive rendering has been dominated by rastiation-based
hardware rendering.

Beyond any doubt, the key factor for the non-existence of raydcing in
terms of interactive rendering has been its poor performaac Researchers
have long argued that thanks to its logarithmic behavior in sene complexity,
ray tracing could eventually become faster than rasterizatirebased render-
ing; nevertheless its performance has been far from challemgy However, if
enough parallel compute power was available, even the perfance of ray
tracing has been able to reach interactivity [Keates95, Muuss8, Muuss95b,
Parker99b]. Unfortunately, a large scale supercomputer wasqured to pro-
vide enough compute power.

In recent years, researchers have once again focused on thequerénce
of ray tracing [WaldO1c, Wald03e, Wald04, Reshetov05], in pacular with a
focus on o®-the-shelf hardware. They have concentrated on excient and
optimized implementation of the ray tracing algorithm and is data struc-
tures with respect to the advantages and disadvantages of cant hardware
architectures. The excient combination of algorithmic and lardware-speci c
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optimizations has allowed ray tracing's performance to befted to an inter-
active level while running on o®-the-shelf hardware [Waldp4

Note that implementations of ray tracing exist for other archiectures
such as GPUs [Purcell02, Foley05], or even custom hardware [Bditier02,
Schmittler04, Woop05]. However, they are still too slow (GPUs) onot
widely available (custom hardware), so the current processor cuitectures
are considered as the most suitable hardware platform.

The main ditculty when using processor-speci ¢ optimized alg@éhms
in order to achieve high performance ray tracing is that thewpre not easy to
explain in general, especially not from a high-level view.

This thesis presents the latest approaches and algorithms fagaitime ray
tracing on current processor architectures. The intention whrewriting this
thesis was to avoid a strictly high-level view but to give exacénd detailed
information about low-level implementation issues and optimations. Where
possible, example code is provided for each illustrated algbim.

The main contributions of this thesis to the eld of ray tracing are

2 SIMD-optimized algorithms for the traversal of coherent rag,

2 a detailed analysis and SIMD-optimized implementation of tersection
algorithms for rays with di®erent geometric primitives suclas triangles
and bicubic B®zier patches,

2 an algorithm for handling fully dynamic scenes by fast buildig of spa-
tial index structures,

2 a parallelization framework for ray tracing that achievesihear scala-
bility in the number of connected computing nodes,

2 and a ray tracing-based system that allows for interactively coputing
global illumination.

All algorithms illustrated in this thesis are an integral part d the OpenRT
ray tracing library [Wald02a, DietrichO3, Wald04].

Even though some of the techniques discussed in this thesis haveeadly
been sketched in [Wald04], they will be discussed here in more aétwhile,
in particular, focusing on low-level implementation aspects.

The code examples provided in this thesis have already beentiopzed
for high performance, but there is still much room for furtheroptimization.
Even though optimizing might take time and \cost nerves”, it can sometimes
be the key factor in order to lift algorithms to a new performace level.



1.1 Outline of this thesis

1.1 Outline of this thesis

The thesis starts with a brief introduction to ray tracing and ts use for
rendering in Chapter 2. The chapter also provides a high-levperformance
analysis of the ray tracing algorithm and introduces the bents of coherence
and CPU architecture-speci ¢ optimizations.

Chapter 3 discusses current CPU architectures in detail. As thesechi-
tectures build the underlying hardware platform for the impementation of
all algorithms proposed in this thesis, special emphasis is put performance
issues and useful coding guidelines. The chapter introduces $INhstruc-
tions, which will be an essential tool for exploiting the full conpute power of
current CPU architectures.

Increasing ray tracing performance in particular requiresraexcient traver-
sal through a spatial index structure. Therefore, Chapter 4 pymoses highly
optimized algorithms for excient traversal of coherent setsfaays. In combi-
nation with optimized triangle-intersection algorithms that have been mod-
i ed to exciently support coherent sets of rays, as illustratedn Chapter 5,
interactive ray tracing performance for ray tracing of triamgular scenes will
be achieved on a single processor.

Chapter 6 shows that interactive ray tracing is not limited totriangular
scenes and presents various highly excient intersection algtms for bicubic
B®zier patches in detail. These algorithms will be discusseddepth showing
their advantages and disadvantages in terms of performancedaaccuracy.

Chapter 7 demonstrates that even the construction algorithmof spatial
index structures can be ezxciently optimized. A highly optimged implemen-
tation in particular allows for handling fully dynamic scens by reconstructing
the corresponding kd-tree from scratch for every frame.

Compensating the need of ray tracing for compute power meansna-
bining the compute power of multiple processors. Chapter 8 thysroposes
a parallelization framework that e®ectively distributes tle rendering work
to a cluster of o®-the-shelf PCs. As this framework has been desdrfor
handling high-latency interconnections, linear scalabilt in the number of
connected PCs will be achieved, increasing the performandeay-tracing to
a realtime level.

If the techniques for achieving realtime ray tracing, as disissed in the
previous chapters, are combined with a global illumination lgorithm that
has been exclusively modi ed to exploit these techniques, it bemes possible
to achieve interactive global illumination. Chapter 9 illstrates this modi ed
global illumination algorithm and the surrounding framewok.

Finally, this thesis ends with a short summary, and an outlook orthe
future of realtime ray tracing on future processor architecties.
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Chapter 2
Introduction to Ray Tracing

This chapter starts with a brief review of the basic ray tracingalgorithms
(see Section 2.1) in order to provide a quick introduction tolte eld of high
performance ray tracing. For a more detailed introductiond the eld of ray
tracing, please refer to one of the classical ray tracing bookSlassner89,
Glassner95, Shirley03, Pharr04].

After illustrating how ray tracing is exciently applied as a rendering
algorithm (see Section 2.2), general performance and optiation techniques
are discussed (see Section 2.3). These consolidated ndings on traging
performance allows better access to the role of coherence (Seetion 2.4).
Besides hardware-speci ¢ optimizations, coherence in all &ppearances (see
Section 2.4.1 and Section 2.4.2) is the key factor for incigag ray tracing
performance to a realtime level.

2.1 The Ray Tracing Algorithm

In order to avoid confusion, the termray tracing or core ray tracing is de ned
here as an algorithm for nding the closest intersection betwaea ray and a
set of geometric primitives, e.g. triangles [Glassner89, Bade@2, Erickson97,
M@ller97, Shoemake98, Shirley02, Wald04] or freeform pagsh[Sweeney86,
Parker99b, Nishita90, Martin00, Wang01, Benthin04]. Accordig to the ray
equationR(t) = O+ t e D, whereO is the ray origin andD the ray direction,
the ray tracing algorithm returns the intersection with the snallest distance
tmn 2 [0;1 ). Other ray tracing algorithms that, for example, return al
intersections along a ray will not be considered in this thesis. HE smallest
distancet,,, , O corresponds to the closest intersection with respect to the
ray origin. The actual intersection point can be easily obtaied by evaluating
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the ray equation usingtn,, . Note that the algorithm can easily be adapted so
as to accept only intersections that lie in a given distance r@e [t ; tend]-

Using a brute force approach by testing all primitives within a sene
against the ray and comparing the resulting intersection distaes, is only
an option if the number of primitives is small. Unfortunately, the typical
number of primitives per scene ranges from thousands to millie making
the brute force approach for realtime rendering impractida

A well-known optimization technique consists in applying spaél subdivi-
sion. Spatial subdivision splits the virtual scene into spatial dis and stores
for each cell the geometric primitives contained within. Na that only those
primitives that are contained in the spatial cells intersecte by the ray need
to be tested. The advantage of this approach is that only a smafiubset
of all spatial cells has to be considered for a given ray. Moremy a typical
scene includes large regions of empty space, so that for most raydy a
small number of non-empty cells have to be considered. Explioiy spatial
subdivision allows for signi cantly reducing the required pritive tests per
ray, but also introduces the new problem of quickly identifyig those cells
that are intersected by the ray. The data structures requireddr the spatial
sorting of geometry are calledpatial index or spatial acceleration structures

Algorithms for quickly identifying intersected cells are cadéd ray traversal
algorithms Note that only those spatial cells have to be traversed which are
pierced by the ray when starting from its origin and followingthe ray di-
rection. Keeping to such a traversal \direction" allows for exiently nding
the closest intersection without touching any cells beyond thigooint. Ex-
iting the traversal at the closest intersection is calle@arly ray termination.
Early ray termination can save many traversal and intersectiosteps (for the
cells beyond the closest intersection point), but also requir@sfront-to-back
traversal order of all cells that are intersected by the ray.

Researchers have proposed many di®erent spatial index struesiisuch as
bounding volume hierarchie$Rubin80, Kay86, Haines91, Smits98], uniform,
non-uniform, and hierarchicalgrids [Fujimoto86, Amanatides87, Gigante88,
Jevans89, Hsiung92, Cohen94, Klimaszewskiodgdirees[Glassner84, Samet89,
Cohen94, Whang95], axis-alignedSP (binary space partitioning) trees,
short kd-trees [Sung92, Subramanian90a, Bittner99, Havran01], and ray di-
rection sorting techniques such agy classi cation [Arvo87, Simiakakis95].
These techniques either sort the primitives within a scene herchically
(bounding volume hierarchies) or subdivide the space spanned the prim-
itives hierarchically (grids, octrees, kd-trees).

As a result, nding the closest intersection point between a ray aha set
of geometric primitives includes the front-to-back travesal of a spatial index
structure and the intersection tests for the corresponding priitives.
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2.2 Ray Tracing for Rendering

The core ray tracing algorithm represents the fundamental Isés for many ray
tracing-based rendering algorithms. The common task of all tke rendering
algorithms is to compute a two-dimensional image from a thregimensional
virtual scene. As ray tracing is well suited for accurately simating the dis-
tribution of light by simulating the propagation of photons, most ray tracing-

based rendering algorithms focus on providing high image tean by closely
simulating the illumination within the virtual scene. The redism within the

generated image largely depends on how accurately the rerdg algorithm

takes into account both the illumination (by light sources) aul the surface
properties (of the scene's geometry). As a general rule, theghier the desired
accuracy, the more rays have to be shot during simulation.

In order to give a better understanding of how rendering algithms rely
on the core ray tracing algorithm, a brief illustration of thestandardrecursive
ray tracing approach[Whitted80] (see Figure 2.1) is presented next.

Generating a two-dimensional image from a three-dimensionstene us-
ing recursive ray tracing comprises several steps: From a virtuahmera
(typically corresponding to a one-eyed imaginary observemays are created
and shot through each pixel of a virtual image plane. These rayse called
primary rays, because they are created rst. For each primary ray, the core
ray tracing algorithm returns the closest intersection, in theollowing simply
called hit or intersection point, with the geometry of the scene.

In order to determine the light at an intersection point that is re°ected
in the (inverse) direction of the ray, the illumination at a gven point has to
be computed rst. Afterwards, the illumination must be combinedwith the
material properties of the underlying geometry. The processf determining
the interaction of light with the material properties at an intersection point
is calledshading Note that the light re°ected at the intersection points of
primary rays determines the nal pixel color.

The decision of whether a light source contributes illuminatin to a given
hit point or not can be based on a simple occlusion test. A ray is shot
from a hit point towards a virtual light source (or vice versa),and only if
no intersection occurs along the way, the light source will ctiibute to the
illumination. As these rays determine whether a given hit poiries in shadow
or not, they are calledshadow rays For the occlusion test itself, the core ray
tracing algorithm can be used once more, but it might be usefubtslightly
modify the algorithm. For shadow rays, the determination of tle intersection
with the smallest distancet i, 2 [0; distance(lightsource)] is not mandatory;
instead, any intersection with a distance 2 [0; distance(light source)] will
be suxcient. This allows for more excient ray termination beause as soon
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Figure 2.1: Simpli ed illustration for recursive ray tracing: A primary ray
is generated from a virtual camera and shot through each gixé# the image
plane. The intersection closest to the ray origin is determéed and tested
for illumination by the light sources (the green shadow rayspepending on
the material properties of the intersected geometry and ti@coming illumi-
nation, the current intersection point is shaded and poteial re°ection or
refraction rays are generated. For each of these secondary rayise contri-
bution is recursively evaluated in the same way as for primargys.

as an appropriate intersection is found, the ray tracing algadghm can be
terminated.

Based on the material properties of the geometry and the undging
rendering model, additional secondary rays can be generatéa simulate
e®ects such as re°ection or refraction. Depending on their qppose, these
rays are also callede’ection rays or refraction rays. The contribution of
secondary rays to the current hit point is recursively evaluad. Even though
these rays are called secondary rays, they are essentially trehtthe same
way as primary rays.

Apart from this traditional and simple approach to recursive rg trac-
ing, countless variations exists for ray tracing-based rendeg [Glassner89,
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Glassner95, Shirley03]. For example, Cook extended the resiue ray tracing
approach to support additional e®ects such as glossy re°ectidliymination
by area light sources, motion blur, and depth of eld. This exteded approach
is calleddistribution ray tracing [Cook84a]. More advanced algorithms even
compute the complete global illumination within a scene, inading indirect
illumination and caustic e®ects [Cook84b, Lafortune93, Ceh93, Veach94,
Veach97, Jensen01, Shirley03, Dutre03]. Even though the pase and sup-
ported accuracy of each algorithm is di®erent, the key poig that they all
heavily rely on the core ray tracing algorithm as their fundmental base.

2.3 Ray Tracing Performance

Looking at the organization of ray tracing-based renderingt becomes clear
that all algorithms require to trace a massive number of rays. Géing only
a single primary ray per pixel at a resolution of 1028 1024 results in over
one million rays per image. In particular, each ray must locatthe correctly
intersected primitive in a scene of (typically) millions of pimitives. A per-
formance level that allows for generating multiple imagesap second requires
therefore a very fast implementation of the core ray tracinglgorithm.

Section 2.1 illustrated that the core ray tracing algorithm lasically con-
sists of two coupled operations: traversal of a spatial index striure and
ray primitive intersection tests. This is why the performance bthe core ray
tracing algorithm largely depends on the total number of ragred traver-
sal and intersection operations. Obviously, the cost of these opépbns is
closely related to their implementation in terms of the unddying hardware
architecture.

If one has a closer look at the core ray tracing algorithm in tems of
computational and memory-related operations, it becomesedr that a ray
traversal step mainly involves data-dependent computationssiven the cur-
rent traversal state, which corresponds to a location within a sial index
structure, a new state (location) is computed based on the ray tiaand the
data loaded from the spatial index structure. As traversal statedepend on
data from the spatial index structure, a data dependency exists.

For a single intersection computation, the same data dependgnapplies
(loading primitive data from memory rst, then performing intersection com-
putation). However, multiple intersection tests in a given spaal cell do not
depend on each other, so that the loading of primitive data anohtersection
computation can be interleaved or even done in parallel.

The main problem of memory-related operations is that the da access
latency might be the limiting factor. Prior to any traversal or intersection
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operation, the required data has to be loaded from memory rstFor an
implementation on a current CPU architecture, this could beome critical
due to the discrepancy between the memory latency of on-chigahe and
system memory (a more detailed discussion will be given in Chapt&.
Ensuring a large number of data accesses to the on-chip cachesseatial to
achieve high performance.

2.4 Coherence

De ning the term coherenceis not a trivial matter, as its meaning depends
to a great extent on the environment where it is applied. Nevéreless, the
following de nition illustrates the term coherencein a non-restricting way:

De nition : Coherenceis the degree of which parts of an environment or
its projections exhibit local similarities [Foley97].

Transferring the de nition of coherence into the context of ay tracing,
raises the question of which parts of ray tracing exhibits lotaimilarities. In
order to answer this question step by step, the search for coherenis rst
restricted to the core ray tracing algorithm. Later, the searc is extended to
the shading process which forms another major part of a ray trang-based
rendering system.

2.4.1 Ray Coherence

De ning ray coherenceas the degree of spatial deviation within a set of rays, a
statement on coherence in the context of traversal and primite intersection
becomes possible.

More precisely, a set of coherent rays (see Figure 2.2) will baslyg travel
through the same spatial regions, and thus access the same datahaf spatial
index structure. The same holds true for the intersection test, mere a set
of coherent rays will basically test similar primitives. As a restyl one can
de ne traversal coherencefor a set of rays as the ratio between the number
of spatial cells traversed by all rays (as entity) and the sum ofedls traversed
by any ray. In the same manner, one can de nimtersection coherencefor a
set of rays as the ratio between the number of intersection tesperformed
by all rays (as entity) and the number of intersection tests pdormed by any
rays.

The higher the traversal and intersection coherence the highthe prob-
ability of loading the same data, exploiting the memory cachébierarchy of
current CPU architectures. In this case, traversal and interséion coherence
translate into memory coherence
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Figure 2.2: Exploiting ray coherence for ray tracing: A setfocoherent rays
will essentially follow the same path through the spatiadiex structure (green
cells = accessed by all rays, red cells = accessed by some ragsay] will es-
sentially test the same primitives for intersection. This léows for exciently
amortizing memory accesses over all rays in a set.

Having data in the cache shortens the access latency for the ividiual
rays within a set, but does not reduce the required number of mry ac-
cesses itself. A simple way of approaching this problem is a chang the
way in which rays are handled. Instead of tracing rays indivigally, it is more
bene cial to trace them together as a set.

As illustrated in Section 2.3, the core ray tracing algorithmnvolves many

data-dependent computations and therefore numerous memyaccesses. Co-

herent sets of rays allow for exciently reducing the number ahemory ac-
cesses due to the high probability that all rays within the set mguest the
same memory (memory coherence), while the cost of the memorycess it-
self is amortized over all rays within a set. As no dependency std between
the rays of a set, the traversal and intersection operations auitable for
parallel processing. In the following, a set of coherent raysaalled acoherent
bundle bundleor packet

Special attention must be given to the fact that an algorithme or implemen-

tation-based overhead for supporting ray bundles does not o®#ee corre-
sponding bene t. Therefore, the following three requiremés must be ful-
Tled in order to fully exploit the advantages of coherent rg bundles for the
core ray tracing algorithm:
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Spatial Index Structure: The spatial index structure and the correspond-
ing traversal algorithm must exciently support ray bundles. Thetraver-
sal algorithm in particular should avoid any complex computabns.

Ray Bundle Traversal:  An implementation of ray bundle traversal (with
respect to a chosen spatial index structure) must minimize any oveead
due to inexcient mapping to the underlying hardware architeture.
Ideally, the hardware architecture and its corresponding Btruction
set should optimally support an implementation.

Ray Bundle Intersection: Similar to a traversal implementation, an in-
tersection implementation has to exciently support ray bundés. As
di®erent types of geometric primitives can exist in the same see ray
bundle intersection algorithms should exciently support vamus prim-
itive types.

In the case no excient ray bundle intersection algorithm can bé&und
for a given primitive type, the fall-back solution of interseting the rays
sequentially might be acceptable.

Chapters 4, 5, and 6 will provide a detailed discussion of data sttures,
algorithms, and the corresponding implementations that full all these re-
quirements.

2.4.2 Shading Coherence

Besides the actual core ray tracing algorithm, the shading peess also ben-
e ts from local similarities. Considering for example the hit pints of neigh-
boring primary rays which are likely to intersect the same printive. Even if
this is not the case, it is very likely that the hit points are inthe same spatial
region. In addition, the probability that the intersection points share the
same shader, and therefore perform similar shading operatiossvery high.
Similar shading operations could be performed in parallelgain allowing for
processing the shading of intersection points in bundles.

Sharing the same shader implies additionally that the loadedatia exhibits
similarities as well. For example, look-ups to the same textarfor neighboring
intersection points are likely to provide a high degree of mesry coherence,
which in turn allows for the e+cient use of caches.

As a result, the shading process itself can bene t from coherenbewever,
similar to the core ray tracing algorithm, bundle shading for ntersection
points is prone to overhead caused by inexcient implementatn.
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2.5 Conclusions

This chapter has demonstrated that the key to pushing ray tracg per-
formance to a realtime level is an ezcient support of coheremty bundles
combined with a highly optimized implementation. A sub-optmal implemen-
tation in particular is likely to o®set any bene t o®ered by tacing bundles.
Unfortunately, current CPU architectures in combination wth their support-

ing compilers are not intended to support the required degrex etciency out
of the box. On the contrary, without any manual e®ort in optimzing algo-
rithms and implementation code, there is only little chancef ever reaching
the desired performance level.

In order to avoid hardware and software-speci ¢ implementatin pitfalls,
it is bene cial to examine the architecture of current CPUs me closely
(see Chapter 3). Taking speci ¢ CPU-related issues into accounli@ws for
an excient implementation of the core ray tracing algorithm In particular,
the optimized implementation includes the extension of theraversal algo-
rithm (see Chapter 4) and the primitive intersection tests (see kapter 5 and
Chapter 6) for exciently supporting ray bundles.

A dizcult task for a ray tracing-based rendering system is to gathar co-
herent ray bundles. Coherent bundles of primary rays can egsbe generated
when relying on a typical (perspective) camera model, whergimary rays of
neighboring pixels exhibit a large degree of coherence. Tsame holds true
for the shadow rays generated towards a single point on a lightisoe. How-
ever, for most secondary rays, e.g. those generated by re°ectm® of curved
surfaces and even refraction rays, coherence will be signi tignower than
for primary rays. In the case of low coherence, coherence-basegrouping
or even falling back to tracing individual rays may be necessar

Instead of trying to extract coherent ray bundles out of a tradional ray
tracing-based rendering system, one can design the rendering systin such
a way that the majority of rays can be combined directly in colrent bun-
dles (see Chapter 9). Such a system allows for minimizing the dvead for
generating coherent bundles. If for such a system the majority oéndering
time is spent in the core ray tracing algorithm, total system pdormance will
directly bene t from fast ray bundle tracing.
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Chapter 3
CPU Architectures

Optimizing program code basically consists of two steps: ldentihg the
program's hot spots and trying to modify the corresponding cadsequences.
The dixculty thereby is to modify the code in such a way that the modi-
“ed version shows better run-time behavior (with respect to theinderlying
hardware architecture) than the original one. This require identifying code
structures that cannot be ezxciently executed. Identifying ad modifying
makes code optimization a dixcult and time-consuming task wish requires
in-depth knowledge of the underlying architecture. Apart fom architectural
issues, code optimization additionally depends on the chosemuuler.

Nevertheless, the bene ts of code optimization can be tremendo Statis-
tics have shown that the increase in performance between optaad and non-
optimized code can range from a few percent to entire orderraagnitude.

In order to avoid costly performance penalties in critical ae sequences,
it is essential to have a detailed knowledge of the executionWowithin the
underlying CPU architecture. Therefore, a brief overview foperformance-
related issues of today's CPU architectures will be given in &#on 3.1.
Having identi ed the architecture related issues allows for fehulating the
general coding guidelines of Section 3.2. Section 3.3 irduxes the concept
of SIMD instructions, while Section 3.4 discusses compiler andrfigmance
pro ling-related tools.

3.1 Performance Issues

For historical reasons, the majority of today's software has beedesigned
for non-parallel execution. Because of this, current CPU artbctures are
designed to execute serial program code as fast a possible. Witlergvnew
CPU generation, designers have tried to achieve a continuopgrformance
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increase by introducing small architectural enhancements toptimize serial
execution. The key factor to increase performance has beerethaising of
the CPU clock rate (up to 3.8 GHz for latest Pentium-1V [Intel0]). Hav-
ing a higher clock rate allows for (potentially) executing rare instructions
within a xed time period. Raising the clock rate could only berealized
through smaller micro structure designs which require extrerelong exe-
cuting pipelines (the Pentium-IV uses a pipeline with more thn 30 stages).

These long executing pipelines are the major drawback of thégh clock
rate architectures. |If the utilization of the execution pipdéine is low, the
performance of the CPU itself will be low, too. Even though thenalysis
and optimization of execution bottlenecks is a quite compitetopic, the main
reasons for low pipeline utilization, and thus low performase, can be roughly
classi ed into the following categories:

Cache Misses: The di®erence in access latency between on-chip memory
cache and main memory itself is tremendous, e.g. the Pentiurd-has
an L1 cache latency of 1-4 cycles, an L2 cache latency of 20-37 c
cles, and a latency to main memory of over 200-300 cycles. Omaty,
this can result in pipeline stalls whenever data does not reside the
memory cache hierarchy. CPU architectures follow multiplevays of
reducing the impact of cache misses by having large and muliptache
levels to reduce the probability of cache misses, and by exeagiin-
dependent program code during idle periods. For serial prognacode,
the search for, and the execution of, independent instructienis often
referred to as out-of-order execution. On the other hand, ¢eniques
such as simultaneous multi-threading or hyper-threading [tel02c] use
the implicit parallelism of thread execution to 1l pipeline stalls with
independent instructions.

Branches: The negative impact of long executing pipelines comes intday
when dealing with conditional branches. Every time a branclsiwrongly
predicted, the complete pipeline has to be °ushed. Branch mietion
(over multiple levels) and even branch prediction by branchiht in-
structions are able to lower the probability. Nevertheless, exe mis-
predicted branch means a \waste" of up to 30 cycles for a 30-st&ag
execution pipeline. Even though the negative performancenpact is
lower than for cache misses it is still signi cant. This particurly af-
fects complex and branch-intensive code.

Low Instruction Level Parallelism: Multiple instruction pipelines and
functional units combined with out-of-order execution eve allow the
serially operating CPU to execute multiple independent instrctions in
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Processor | Intel Pentium-1V | AMD Opteron
Pipeline Stages 20-31 12-17
Reorder Bu®er 126 Entries 72 Entries
Units 21Int, 1 FP, 3 LS 3int, 3FP, 2 LS
SIMD MMX, SSE, SSE2, SSE3 MMX, SSE, SSE2, SSE3
Register 16 Int, 8 FP, 16 SIMD 16 Int, 8 FP, 16 SIMD
Caches (I, D, L2) 12k * OPs, 8-16k, 64k, 64k,

512k-2M 1M
Branch Prediction 4k BTB 16k BHT + 2k BTB
Memory Bandwidth | 6.4 GB/s 6.4 GB/s +

3x HyperTP (3.2 GB/s)

Frequency 1.5-3.8 GHz 1.4-2.6 GHz

Table 3.1: Speci cations of current 64-bit processor arclattures, e.g. Intel's
Pentium-1V (EM64T) and AMD's Opteron (X64). Both architectures feature
a high pipeline length (varying due to di®erent lengths for eger and °oating
pipelines) and large caches. Both architectures includeesgal hardware units,
such as Branch Target Bu®ers (BTB) and Branch History Tables (BH), to
achieve a better branch prediction rate. Large caches andvadced branch
prediction units are the most e®ective components (of theselatectures) to
keep the long pipelines busy.

parallel (within a single clock cycle). This feature is typially called
instruction level parallelism (ILP). Code dependencies appear when
an instruction requires the output of a preceding instructioras input,
while the output is not available at this point (mostly due to instruction
latency). A sequence of dependent instructions is calleddgpendency
chain. Dependency chains frequently appear in inexcient and corgx
code, but long latency instructions such as divisions, functioealls, op-
erating system-related or input/output instructions can also ontribute
to these chains.

In order to lower the e®ect of the three above-mentioned bégheck cat-
egories, the most recent CPU architectures feature large ohigs caches and
special hardware components to keep pipeline utilizationdj (see Table 3.1).
Unfortunately, the improved hardware support is not able to ogrcome the
e®ects of inexciently written code. Even though modern coniprs [Intel02a,
GNU] try to rearrange the instructions in a more suitable way, theoptimum
in run-time performance can only be achieved by optimizingada structures
and algorithms manually to the underlying hardware architeture.
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The road map of the leading CPU manufacturers makes it cleahéat
the length of the pipeline, and thus the frequency of future BUs is not
likely to grow signi cantly, and may even decrease. Thereforéuture CPU
designs will rely on increased execution parallelism such as tple pipelines
and functional units, execution threads, and in particular may cores in
order to increase performance. Introducing multiple coresiflwviden the gap
between memory latency/bandwidth and compute power dramatally. As
each core will access the main memory via the same memory intamoect,
future algorithms will need to reduce their required memorpandwidth.

3.2 Coding Guidelines

The performance impact of inexciently written code rangesrém a few per-
cent to entire orders of magnitude, largely depending on theode itself. Even
though the following coding guidelines seem obvious, it is vibroutlining
them to reduce the probability of signi cant performance pealties:

Data Locality and Memory Access Pattern: Localizing memory access
ensures high cache hit probability. In situations where largehunks of

memory need to be loaded, a quali ed memory access pattern such

as pure sequential access should be applied. Sequential acces-i
“ciently supported by the hardware prefetching unit, availdole on all
current CPU architectures. In certain situations, it is bene @l to

manually apply CPU-supportedprefetch instructions in order to load
chunks of memory in advance. As memory prefetching is done asyn
chronously to the execution °ow, the loading latency can be tiden by
working on data already residing in the cache hierarchy. Olwisly, the
mechanism only works if the memory loading latency is smalleh&n
the computation time between subsequent prefetches.

Simple Control Flow:  Replacing branch-frequent code by conditional move

sequences avoids mis-predicted branches. However, if the prhobty

of a branch mis-prediction is suxciently low (something which dpends
largely on the code), applying branches can be faster than dgmg con-
ditional moves, because the execution of a correctly predidtdranch
has almost no costs. In contrast, conditional move sequences may r
quire the computation of results which may not even be used lateOn
a more higher level, critical run-time loops should be kept asmall and
as simple as possible. Simply dropping or replacing complex inst-
tions such as divisions or functions calls in inner loops canainatically

speed up performance. Having only a minimum of code dependency
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chains within the inner-most loop body can additionally incease in-
struction throughput. Furthermore, small and simple inner-l@ps can
be more easily optimized and maintained.

Data Level Parallelism: In order to maximize performance, data level
parallelism by SIMD (single instruction multiple data) instructions
should be applied. SIMD instructions o®er a simple and easy way
to manipulate multiple data elements at once. In particular Intel's
SSE instruction set [Intel01, Intel02b, Intel02a] allows fomanipulat-
ing four single precision °oating point or integer values using single
instruction. The main issues when using SIMD instructions are thee-
quired layout changes of input data and the necessary recodinfthe
algorithm (see Section 3.3).

Data level parallelism via SIMD instructions is currently theonly way
of explicitly performing parallel operations on a sequentily operating CPU
(see Section 3.3). Instruction level parallelism, on the othdrand, is per-
formed internally by the CPU (out-of-order execution). It @an only be in-
°uenced implicitly by reordering code for a more appropria out-of-order
executing °ow.

In contrast to single-threaded applications, coding guidelas for multi-
threaded applications should also contain guidelines for tead synchroniza-
tion. In order to ezxciently exploit multiple CPUs (or CPU cores), syn-
chronization points (such as mutex lock/unlocks [Nichols96Bhould be kept
to a minimum. Roughly speaking, synchronization means seriadition, and
long serialization periods dramatically reduce the positive®ect of parallel
execution.

Multi-threaded performance is further a®ected whenevenplicit synchro-
nization is required. Implicit synchronization occurs when caches ati®er-
ent CPUs need to be synchronized. Even though the interconnedbetween
CPUs o®er a high bandwidth for synchronizing cache areas, therfpemance
impact can still be very high. Due to the fact that the synchromzation
granularity is based on cache-lines, unintended cache synahimation can be
avoided by assuring that synchronization-relevant data exchively occupies
complete cache-lines.

3.3 Data Level Parallelism by SIMD Instructions

The basic concept behind SIMD instructions is the idea that manalgorithms
(see Figure 3.1) could work on multiple data elements in pateal. Instead of
processing each data element by a single instruction in a sequehtinanner,
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/I the four three-component input vectors are
/I stored in the SOA format.

1

/I float x[4] -> the four 'X' vector components
/I float y[4] -> the four 'y' vector components
/I float z[4] -> the four 'z' vector components

inline void SimpleDot4(const float *x,
const float *y,
const float *z,
float *const dest)

{

dest[0] = x[0]*x[0]+y[0]*y[0]+Z[0]*Z[O];

dest[1] = x[1]*x[1]+y[1]*y[1]+Z[1]*Z[1];

dest[2] = x[2]*X[2]+y[2]*y[2]+Z[2]*Z[2];

dest[3] = x[3]*X[3]+Y[3]*Y[3]+z[3]*Z[3];

}

Figure 3.1: Computing a dot product of four three-componeribating point
vectors with standard C/C++ code. As no dependencies existhe compu-
tation (for each component of 'dest’) can be performed in paial. Note that
the code does not implement a generic dot product, but rathersimpli ed
version where only one input vector is used for both dot pradielements.

one could apply the same operation to multiple elements in paltel using a
single instruction.

Applying SIMD requires that no dependencies exist between théata
elements in a processing group. Moreover, controlling prognaexecution
by conditional branches brings about certain changes: Instéaf basing the
branch on the result of a single condition, SIMD instructions aopute the
results of multiple conditions in parallel. Obviously, one aald extract the
result of a single condition and perform the branch with respedb it, but
very often it is more bene cial to perform the branch based on eondition
regarding all results.

SIMD features are available on almost all current processor &itec-
tures [Intel02b, AMDO3, AltiVec, IBMO05], but only Intel's Streaming SIMD
Extensionwill be considered in the following. Nevertheless, all code explas
in this thesis can be easily ported to a di®erent SIMD extension.

3.3.1 Intel's Streaming SIMD Extension (SSE)

For historical reasons, °oating point operations on x86 archéictures have
been executed using the FPU (°oating point unit). FPU registes have been
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organized in a stack-like structure, causing reorganizatiorverhead for exe-
cuting °oating point operations. With the introduction of th e Pentium-Ill,

Intel for the rst time o®ered SIMD features with its Streamirg SIMD Ex-

tension (SSE) [Intel02b].

Xo | X, | X, | X, | xmmO
Yo | Y, Y, Y, | xmmi
XY, X &Y, X+Y, X +Y . addps xmm0,xmm!?

Figure 3.2: Intel's streaming SIMD extension allows for mapulating four
data elements via a single instruction, e.g. adding four gjle precision °oat-
ing point values.

SSE allows for operating on multiple data elements, usually diour 32-
bit data elements, for the cost of one. Besides the advantage aitd level
parallelism, dropping the stack-like register organizationni favor of a linear
addressing model further accelerates operations further.

The standard SSE instruction set allows for operating on four sjte pre-
cision °oating point values via a single instruction. SSE implaentations of
current processors, e.g. Pentium-IV internally execute onlyio single pre-
cision °oating point operations in parallel, i.e. four opergons in a 2£ 2
way. This hardware implementation is currently limiting the SSE instruction
throughput, but is likely to be removed from future archite¢ures [Intel05].

The latest extension to the instruction set, called SSE2 [Intel} and
SSE3 [Intel03], also makes it possible to manipulate four 32timteger, eight
16-bit integer, sixteen 8-bit integer, or two 64-bit double pecision °oating
point values via a single instruction. As these instruction do noplay a
major role in the example implementations, they are not discusdan any
more detail.

All SSE registers (8 to 16, depending on the architecture versipare
4 o 32 = 128-bit wide. These registers are usually referenced kynmO to
xmm7 (or xmm15). Figure 3.2 shows a simple example of adding two SSE
registers (four single precision °oating point values per regjer) using a single
instruction.

SSE introductions work most e®ectively in the vertical way,sashown by
Figure 3.2. The horizontal way is more dixcult due to the lackof appropriate
horizontal instructions. For example, a short sequence of insttions is
required to sum up all four register elements (see Section 3.3.8Even though
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the latest architectures [Intel03] o®er direct support for lrizontal operations,
they are not as excient implemented as vertical operating structions.

XoYol 4 - XX, XX,
X1lel - Yo Y1Y2Y3
XY, Z, - L,L,Z2,)Z,

Figure 3.3: Left: For many algorithms, e.g. computing dot pducts, the
standard array-of-structure (AOS) layout does not ensure optial SSE uti-
lization (the right-most element is not used). Right: The sicture-of-array
(SOA) layout is more bene cial as it optimally supports vertally operating
SSE instructions.

As a consequence, the layout of data and the implementation ofga-
rithms should be rearranged to allow for as many vertical instictions as
possible. As an example, vertex data should be stored in trstructure-
of-array (SOA) format instead of the array-of-structure (AOS) format (see
Figure 3.3). Figure 3.4 shows that using the structure-of-aryadata layout,
four dot products can be ezxciently implemented by using only ve instruc-
tions. The array-of-structure data layout would require morethan double
the number of instructions (because of the required shuze opet@ans).

mulps xmmO,xmm0QO
XX X X ;) xmm0 mulps xmm1,xmm1

Y, Y. Y,Y, xmm1 mulps xmm2xmm2
addps xmmO,xmm1
LyZ,Z,Z, xmm2 addps xmmO,xmm2

Figure 3.4: The structure-of-array ( SOA) data layout allows for exciently
using SSE instructions, e.g. computing four (simple) dot pducts in parallel
(similar to the code in Figure 3.1) using only 5 instructions
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If the array-of-structure layout as input format cannot be awided, a cor-
responding transposition into the structure-of-array can be p®rmed on-
the-°y. The transposition code consists of a sequence of shu2e andad
instructions. The decision of whether the overhead introducely the re-
arrangement of register elements is tolerable or not largetfepends on the
code. If the code following the transposition is suzxciently log, the intro-
duced overhead can be e®ectively amortized.

Another important factor concerning excient coding with SSEinstruc-
tions relates to the rearrangement of instructions in termsfdheir throughput
and latency. In particular, conditional branches based on aomparison be-
tween SSE registers require a manual transfer of the resulting mask (see
Section 3.3.2) from an SSE register to a general purpose regisfehis trans-
fer su®ers from an high latency and should therefore be used éallg. On
the other hand, coding in terms of instruction throughput is esential for
avoiding resource con’icts of computational units. Throughgt and latency
vary across x86 architectures (and their variants), making geral coding
optimizations dixcult. Fortunately, modern compilers allow for reordering
code with respect to a speci ¢ processor without much manual e®or

Another important limitation of SSE instructions is the lack o scat-
ter/gather operations for loading and storing data. Loadingor storing indi-
vidual register elements requires a sequence of loading and%shoperations,
because only the lowest register element can be handled as a staddscalar
register.

3.3.2 SSE Intrinsics

One possible way to bene t from SSE instructions is to directlyaly on assem-
bly programming, but this procedure would be too in°exible ad error-prone.
On the other hand, modern C/C++ compilers (see Section 3.4) a® auto-
vectorization of standard C/C++ program code. Even though ths allows
for programming in standard C/C++ code, the output typically will not
reach the quality of hand-written code. Furthermore, the cmpilers often
fail to auto-vectorize loops because of unresolvable dependes (from the
compiler's view) within the loop body. A more excient way thd combines
both the quality of hand-written assembly code and the high-iel inter-
face of C/C++ code are SSEintrinsics [Intel02a]. Intrinsics are C/C++
function-style macros, which can be used directly with C/C++ castructs
and variables. During compilation, the compiler automaticlly takes care of
register allocation, result propagation, intermediate usagetc.

Due to the fact that the compiler takes care of SSE register andemory
allocation, the programmer can focus on the algorithmic impmentation
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/I the four three-component input vectors are stored
/I in the SOA format using a SIMD vector data type.
1

/I u[0] -> the four 'X' vector components

/I u[1l] -> the four 'y' vector components

/I u[2] -> the four 'z' vector components

typedef typedef _ m128 sse_t;

inline sse_t SimpleDot4SSE(const sse_t *u)
{
return _mm_add_ps(_mm_add_ps(_mm_mul_ps(u[0],u[0]),
_mm_mul_ps(u[1],u[1])),

_mm_mul_ps(u[2],u[2]));

Figure 3.5: Intrinsics allow for e®ectively using SIMD instuctions with
C/C++ constructs. This small routine computes four (simplg dot products
(similar to the code in Figure 3.1) in parallel using SSE intmsics.

itself (see Figure 3.5). Moreover, the compiler is able to perim architecture-
speci ¢ optimizations, e.g. considering throughput and latery optimizations.
Most SSE intrinsics map to a single SSE instruction, others are mposed of
a short sequence of SSE instructions.

Given the importance of SSE instructions for excient codingthe most
frequently used instructions will be discussed in more detail. Nethat scalar
operating intrinsics, operating only on the lowest register eteent, di®er from
their full counterpart only through the _ss-suxx instead of the _ps-su+x.

Arithmetic Instructions For addition, multiplication, subtraction, and di-
vision of four single precision °oating point values, the intrisics_mm_add ps,
_mm_mul_ps, _-mm_subps _mm.div_ps are used. Reciprocal operations are
also useful, e.g.mm.rcp_ps and _mm_rsqrt_ps, which perform the *x and
1=sqrt(x) operations. These special instructions are faster than a real-di
vision or square root. The speed increase comes at the expense dficed
accuracy because the result is computed based on approximatedgorithms.
Nevertheless, the reduced accuracy can be increased afterwarggerform-
ing a Newton-Raphson iteration [Intel02b] (resulting in a shorsequence of
additional instructions). Breaking up costly long-latency irstructions such
as real divisions or square roots into a short sequence of shotelacy in-
structions is more advantageous for exploiting instructionelvel parallelism.
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Load/Store Instructions Loading one single or four single precision °oat-
ing point values can be performed using the intrinsicsmm_load ss and
_mm_load ps. Note that the argument of _.mm_load ss and _-mm_load ps is a
pointer to a °oat or °oat array. Additionally, _-mm_load ps requires that the
address is aligned on a 16-byte boundary to ensure maximum perhance
(less excient non-aligned access can be implemented logm_loadu ps). The
intrinsics _.mm_setps and _mm_set psl use immediate °oat values as argu-
ments. _-mm_setpsl copies a single value into all four register elements.
Note that loading four di®erent °oat values into a single regist by applying
_mm_set ps and _mm_rset ps involves a sequence of shu2e instructions. Re-
turning the lowest SSE register element as scalar °oat value che performed
by using the _mm_cvtssf32 intrinsic.

Comparison Instructions Comparisons between two SSE registers using
the _-mm_cmpXX_ps (XX can be eqglt,gt,...) return a mask where all bits of
each register element are set to one if the result of the compans true
and are set to zero otherwise. In combination with a sequence afgical
instructions, the returned bit mask can be used to implement an enent-
based conditional move sequence.

Miscellaneous Instructions The _mm_shu?e _psintrinsic shu2es register
elements within one single or across two registers (with centarestrictions).
It is often necessary to apply a conditional jump based on the vas of
all four register elements. Therefore,mm_movemaskps transfers the high-
est bit (the sign bit) of each register element to the four lowestits of a
general purpose register. If all register elements contain angparison's bit
mask, the transferred bits correspond to the comparison resultn lorder to
quickly obtain the maximum and minimum values per register ement, the
_mm_max_ps and _-mm_min_ps intrinsics can be used.

Logical Instructions The logical operationsor, and, xor, and notand
are realized by_mm_or_ps _-mm_and_ps _mmxor_ps, and _-mm_andnotps.
_mm_setzeraps allows for quickly setting all register elements to zero using
a simplexor operation.

3.3.3 Using Intrinsics and Basic Data Structures

As discussed in Section 3.2, the performance impact of mis-preditbranches
due to pipeline °ushes can be critical. This holds especiallyue for SSE
code sequences. In many cases, a conditional branch constructkike:
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IF condition THEN C=A ELSE C=B. An ezcient way to realize these if-
else-constructs per SSE register element without branching s apply bit
masking (returned by an SSE-comparison) using a short sequencdagfical
instructions (see Figure 3.6).

inline sse_t Update4(const sse_t a, const sse_t b, const sse _t mask)
{
/I note that 'andnot' requires the 'mask’' as first parameter
return _mm_or_ps(_mm_and_ps(a,mask),
_mm_andnot_ps(mask,b));

Figure 3.6: Small utility functions increase the readabtly of SSE code signif-
icantly. The routine implements an - IF condition THEN C=A ELSE C=B
- construct on register element level.

For the operation of computing the inverse of four single presibn values
in parallel, it is often bene cial to not apply a real division but to use
a reciprocal approximation combined with a Newton-Raphson eration in
order to increase the result's accuracy later on. Figure 3.7 she the actual
SSE implementation.

inline sse_t Inverse4(const sse_t n)
{
const sse_t rcp = _mm_rcp_ps(n);
return _mm_sub_ps(_mm_add_ps(rcp,rcp),
_mm_mul_ps(_mm_mul_ps(rcp,rcp),n));

Figure 3.7: Fast inverse computation by using reciprocal amximation com-
bined with a Newton-Raphson step in order to increase IEEEqmision to 24
bits. In many cases, splitting up inverse computation into nhiiple instruc-
tions is faster than using an explicit division, because thastruction level
parallelism of current CPUs allows for a excient parallel eacution with sur-
rounding instructions.

Up to the latest Pentium-IV [Intel03] and Opteron processor gemations,
SSE instructions have been lacking direct hardware supportrfdnorizontal
operations. Horizontal operations work on all elements of a gjle register
and store the result in the lowest element. However, horizontalperations
can be simulated using a sequence of instructions. As shown in Figi8,
a horizontal add requires at least four instructions. Similar utility functions
compute horizontalsuh min, and max operations.
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inline sse_t sseHorizontalAdd(const sse_t &a)
{
const sse_t ftemp = _mm_add_ps(a, _mm_movehl_ps(a, a));

return _mm_add_ss(ftemp,_ mm_shuffle_ps(ftemp, ftemp, 1 ));
}

Figure 3.8: Many architectures do not o®er SSE instruction®f perform-
ing horizontal operations, e.g. adding all four register @nents and storing
the result in the lowest element. Instead, a short sequenceimstructions
emulates these horizontal operations.

Given the seamless integration of intrinsics into C/C++ code, 1 is ben-
e cial to implement useful code sequence as small utility furicins. These
utility functions increase the readability of the SSE code sig cantly.

Another important point to consider is the fact that even coheence is
highly important for implementing algorithms through SSE ode. This is es-
pecially true for conditional branching based on the valued all four register
elements (using the_mm_movemaskps instruction). In this case, decision-
coherencewhich is de ned as the probability that the comparison resultn all
four register elements is equal, is essential. Testing the sixtepossibilities
by if-else or switch statements, where each case has equal probability, would
typically result in many branch mis-predictions. Therefore, digh decision-
coherence allows for arranging the comparison statements basen their
probability. This exciently reduces the amount of mis-predtted conditional
branches.

Creating fundamental data structures for tracing ray bundls is straight-
forward. Due to the fact that SSE operates on four elements aince, struc-
tures for storing information of four rays are created rst. Fgure 3.9 shows
data structures for storing four three-component vectors inie SOA format,
and the hence constructed four-ray structure.

Besides a structure for ray and intersection data, a structure foaxis-
aligned bounding boxes, e.g. as representation for spatial e, is often
required. An ezxcient representation based on the extremal expaion is
shown in Figure 3.10.

3.4 Tools and Hardware

Because of the required SSE intrinsics support, all algorithmsere imple-
mented using either the GCC compiler collection [GNU] or the Il C/C++
compiler suite [Intel02a]. Because of its superior performagcthe Intel com-



Chapter 3: CPU Architectures

struct R3 {
float x,y,z;

3

/I -- single ray --
struct Ray {
R3 direction;
R3 origin;
h
struct Intersection {
float dist;
float u;
float v;
float id;
3

/I -- packet/bundle of four rays --
struct SSEVec4 {
sse_t t[3]; // SOA format
2
struct SSERay4 {
SSEVec4 direction;
SSEVec4 origin;
2
struct SSElntersection4 {
sse_t dist;
sse_t u;
sse_t v;
int id[4];

Figure 3.9: 'R3' is the basic representation of a three-coropent vector,
while 'Ray’ and 'Intersection’ store ray and intersection d&a for a single ray.
'SSEVec4' is the fundamental data structure for storing fatthree-component
vectors in the SOA format. It builds the base for the 'SSERay4tructure,
which stores the data for four rays. The 'SSElIntersection4trsicture stores
the data for four intersection points, e.g. intersection ditance, barycentric
coordinates, and the index of the primitive hit.

piler is favored over the standard GCC compiler. It is intereshg to see that
the Intel compiler creates very excient code not only for Irgél processors,
but also for its competitors.

For pro ling, analyzing, and identifying code bottlenecks,the VTune
pro ling tool is used [Intel04]. The tool provides a detailedanalysis for
detecting performance-related bottlenecks caused by cachesses, branch
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struct Box {
R3 min;
float dummyoO;
R3 mayx;
float dummyl;

L

Figure 3.10: Structures for representing three-componemectors and axis-
aligned bounding boxes. The axis-aligned bounding box @esented by their
extremal points. The additional dummy values 'dummy0' and tenmy1' in-
crease the total structure to a preferable size of 32 bytes,iethis more suit-
able with respect to cache-line sizes. Note that no SSE daypets are used
because for many algorithms a fast access to individual \@celements must
be ensured (avoiding the overhead for accessing SSE registements). In
the two dummy values additional information can be stored.

mis-predictions, etc. Furthermore, VTune provides many usefutatistics
such as cycles per instructions ratios, issued/retired ratios thi respect to
di®erent instruction types, etc.

For providing an approximate cost measure for a short code seqeen
the internal processor's clock cycle counter [Intel97] is uselote that out-
of-order execution, caching e®ects, varying branch tablestory entries, sur-
rounding code sequences, and even di®erences in the undeglgirchitecture
make it very dixcult to determine the exact amount of cycles equired for a
given code sequence. Therefore, all cycle statistics in thisesis should be
seen as estimates rather than exact values.

As operating system a 32-bit or 64-bit Linux distribution, runnng a 2.4
kernel has been used. Most of the performance statistics were s@&d
on a 2.2 GHz Pentium-IV PC with 512 MB of memory. In a few cases,
in particular where a PC cluster setup was needed, a cluster of BQvith
AthlonMP 1800+ PCs (running at 1.5 GHz) was used. Whenever a Gdit
processor provided superior performance compared to a 32-bibpessor, a
64-bit AMD Opteron PC with 1.8 GHz has been chosen.

3.5 Conclusions

Current CPU architectures are able to provide a large amourdf computing
power if they execute well-suited code. Even though today'®mpilers o®er
automatic optimization features, the full potential of a pracessor can only be
utilized by manual optimization.
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The di®erence in performance between manually optimizeddnnopti-
mized code can reach order of magnitudes. Therefore, it wilebome more
and more important to focus on the optimization of critical ©de sections. It
can even be bene cial to favor algorithms that have a sub-optial algorithmic
complexity, but allow for very simple and therefore fast implmentation. An
implementation requiring only a sequence of simple instructis is typically
more suited for current CPU architectures.

Apart from simplicity of implementation, the memory access paéern of
algorithms is another critical point. Code that is optimizel to access memory
in a cache-friendly way is likely to outperform unoptimizeccode. The same
optimization argument holds true for branch and ILP optimizations.

As a result, it is essential for achieving optimal performance ocurrent
CPU architectures to carefully chose and optimize algorithmin terms of the
underlying architecture.



Chapter 4
Tracing Coherent Ray Bundles

E+ciently searching for the rst intersection along a ray requies building up
a spatial index structure over the primitives within the scene.The spatial
cells created by the spatial index structure allow for exciery reducing the
number of potential intersection candidates but require a waof quickly
identifying those cells that are intersected by the ray. Moreer, the cells
have to be traversed in front-to-back order to ensure early raermination.

The spatial index structure has a tremendous impact on the penMfmance
of the core ray tracing algorithm. The following issues descrtthose impacts
in detail:

Quality: The quality of a spatial index structure is measured in terms otie
number of required traversal steps versus resulting interseatimpera-
tions. Depending on the chosen index structure and the correspbng
implementation, it can be bene cial to increase the requiredumber
of operations of one category in order to decrease the numbéroper-
ations of the other category, i.e. to have a higher number ofaversal
operations in order to perform fewer intersection operatian Never-
theless, the main goal should be to reduce the number of operaisoin
both categories.

Memory Layout: The larger the memory representation of a spatial in
dex structure the higher the required bandwidth to memory. Inthe
case the processor's cache hierarchy is not able to exciently gt
memory accesses to the spatial index structure, the core ray tiag
algorithm can easily become memory-bandwidth limited. Morever, a
sub-optimal memory access pattern (e.g. accessing data crossiaghe-
lines) or a too complex data extraction sequence (e.g. decorapsing
spatial cell data) can signi cantly impact performance.
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Traversal Costs: Besides the number of traversal steps, the cost of per-
forming a single traversal step for one or more rays is particulg im-
portant. Complex code that does not exciently map to the unddying
hardware architecture is able to o®set any bene t from a highuality
spatial index structure.

Apart from quality and memory requirements, the traversal opeation
must be generalizable for exciently supporting coherent ray undles (see
Section 2.4.1), because this has turned out to be one of the kiagtors for
pushing ray tracing performance [Wald04, Reshetov05]. Thiseans that
data access costs can be exciently amortized over all rays withthe bundle
(instead of only one ray at a time). This allows for reducing tb required
memory bandwidth, which is known to be one of the major bottieecks of
current CPU architectures. Since a traversal operation is pfrmed in a
similar way for all rays within the bundle, an implementationcan reduce
traversal costs by exploiting SIMD instructions.

By carefully reviewing di®erent spatial index structures wit respect to
quality, memory layout, and traversal costs, a kd-tree is choseas the most
appropriate data structure. A kd-tree is a BSP tree [Subramdan90a, Sung92,
Bittner99, Havran01] with axis-aligned splitting planes. The dvantages of a
kd-tree are its better geometric adaptation ability [Havrai®1, Wald04] com-
pared to other spatial index structures [Havran01], and its vgrexcient mem-
ory layout with respect to CPU caches [Wald04]. Moreover, kttee traversal
can be ezxciently generalized for tracing bundles of cohererays in parallel
using a short and iterative approach [Wald04, Reshetov05].

As algorithms for tracing coherent ray bundles form the crual base for
achieving realtime ray tracing for di®erent primitive types (see Chapter 5
and Chapter 6), a detailed algorithmic review and coding gdelines for dif-
ferent implementations will be presented in the following. &tion 4.1 brie°y
deals with an excient memory layout for kd-trees, while Seadn 4.2 and Sec-
tion 4.3 present state-of-the-art traversal algorithms for nabundles in detail.
Section 4.4 nally discusses the advantages and disadvantagésusing ray
bundles.

4.1 kd-Trees

The kd-tree is basically a binary tree in which each node cosponds to a
spatial cell. Inner nodes within the tree also represent axisighed splitting
planes. The spatial cells of the two child nodes of a given nodesacreated
by splitting the node's spatial cell by the corresponding splithg plane. The
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deeper a node is located in the tree the smaller its spatial cellnstead of
splitting planes, leaf nodes store references to all primitigeghat intersect the
corresponding spatial cell.

The kd-tree itself is constructed by recursively subdividing ta scene's
spatial bounding box by inserting axis-aligned splitting plang. As an inner
node represents a splitting plane, the two child nodes represemwo axis-
aligned spatial cells, split by the splitting plane of the pareninode. These
spatial cells are often referred to asells or voxels

Each leaf node, in contrast to an inner node within the kd-treemust
refer to a corresponding list of primitives (instead of refemig to the two child
nodes). In other words, the representation of a kd-tree node ngees a °ag in
order to decide whether it is an inner or a leaf node. In the eneof an inner
node, a pointer to the two child nodes (storing the child nodesuccessively
saves a second pointer) is required, while in the event of a lewfde, a pointer
to a list of primitive references is needed. Instead of using pters, address
o®sets can be used. Adding the o®set to the memory address of a ghate
yields the memory address of the two child nodes.

A compact data structure for realizing these requirements hdseen pro-
posed by Wald et al. [Wald04]. Figure 4.1 shows that the 8-byte rgicture
allows for exciently storing all required information within a 64-bit word.
Note that logical instructions such asand, or, and xor on 32-bit or 64-bit
integers are very excient on current CPU architectures, allwing masking
operations to extract data to be implemented very exciently Coding the
o®set, which refers either to the two child nodes or to the lepfimitive list,
within 29 bits allows for a maximum \node" distance of 2° o 8 bytes. As
2?° o 8 = 2%, the addressing scheme does not reduce the available address
space (on a 32-bit architecture).

Memory access on current CPU architectures works with cacliee gran-
ularity. The typical cache-line size is 32, 64 or 128 bytes depding on the
underlying CPU architecture. This means that the CPU loads/sbres a com-
plete cache-line no matter the actual operand size of the memoaccess.
Having a kd-tree memory alignment of more than 2ensures that accessing
the rst child node automatically fetches the second child ncal Depending
on cache-line size, 8 16 nodes can be stored within a single cache-line. For
certain cases it could be bene cial to regroup the kd-tree ned in small sub-
trees of cache-line size [Havran01]. This technique might bbla to further
reduce the number of cache misses during traversal.
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/I efficient 8-byte layout for a kd-tree node

struct KDTreeNode {

union

{
float split_position; // position of axis-aligned split pl ane
unsigned int items; // or number of leaf primitives

}

unsigned int dim_offset_flag;

/I the 32 bits of 'dim_offset_flag' are used to encode multip le data

/I bits[0..1] : encode the split plane dimension
/I bits[2..30] : encode an address offset
/I bit[31] : encodes whether a node is an inner node or a leaf

h

/I macros for extracting node information

#define ISLEAF(n) (n->dim_offset_flag & (unsigned int)(1 <<31))
#define DIMENSION(n) (n->dim_offset_flag & 0x3)

#define OFFSET(n) (n->dim_offset flag & Ox7FFFFFFC)

Figure 4.1: kd-tree node layout using only eight bytes. In comation with
a proper memory alignment of more tharg® bytes, the kd-tree node layout
allows for storing the split dimension within the two lowedtits. The highest
bit decides between inner and leaf node, while the remainig bits encode
an address o®set (substituting a pointer) to either the chiltbdes or to an
index list of primitives.

4.2 Ray Bundle Traversal |

Fast traversal through a kd-tree is essential for achieving highay tracing
performance because the operation is the one most frequentlgriprmed.
In order to provide a better understanding of the traversal algrithm for
bundles, a brief review of the algorithm for single rays is giwe rst.

4.2.1 The Ray-Segment Algorithm for Single Rays

The traversal algorithm basically consists of the following opations: De-
scend from the kd-tree root node in a front-to-back manner (crired by
early ray termination) by either following the front, the back, or both chil-
dren until a leaf is reached. In the case of following both chlilen, continue
with the front child and push the kd-tree node referring to theback child onto
a stack. If a leaf is reached, test all entries in the leaf's pritive reference
list (typically, indices referring to a list of scene primitives) for intersection.
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Figure 4.2: The front \child" (green) and back \child" (red) is determined
by the direction of the ray. Therefore, the traversal order cadirectly be
extracted from the direction sign with respect to the dimelms of the split
plane.

After testing all primitives of a leaf, the ray is tested for eanf ray termina-

tion. If the ray is not terminated yet and the traversal stack isnot empty,

a kd-tree node is popped from the stack and the traversal is camied from

this node. These steps are performed until the stack is empty dne ray has
found a valid intersection. Note that the front respectively bak child depend
only on the direction of the ray (see Figure 4.2). Moreover, thorder can be
directly extracted out of the direction sign with respect to the dimension of
the split plane. For tracing single rays, this order is xed dumg traversal.

The crucial part of the traversal algorithm is to quickly evaliate the de-
cision of whether to follow only the front child, back child, o both children
while descending within the kd-tree. The algorithm proposedybWald et
al. [Wald04] operates in one dimension along a ray and is basedtbe com-
parison of ray segments. In the following, this algorithm will b calledray
segment algorithm

Representing a ray aR(t) = origin + t o direction allows for associ-
ating a ray segment ipear; far | with parameter t. This interval represents
the segment where the ray intersects a given cell. The ray segmén rst
initialized to [0;1 ) and then clipped according to the axis-aligned bounding
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far

far

Figure 4.3: Left: The ray enters only the front child becauseisiance value
'd" is greater than the value 'far'. Center: The ray enters the dck child,
distance value 'd' being smaller than the value 'near'. RighThe ray enters
both children. The traversal is continued with the front ckd while the back
child is pushed onto a stack. For both children, the ray segméas to be
updated accordingly.

box of the scene. This clipping operation initializesear and far, which
avoids unnecessary traversal operations in the case the origihaoray lies
outside the axis-aligned bounding box of the scene.

As shown in Figure 4.3, testing of the three cases (i.e. followireither
the front child, back child, or both children) can be realizd exciently by
comparing the computed distanceal to the splitting plane with the current
ray segment pear;far ]. Three cases are possible:

d > far : The ray only intersects the cell associated with the front child
The ray segment stays the same.

d < near : The ray only intersects the cell associated with the back child.
The ray segment stays the same.

near - d - far : The ray intersects both children. In a rst step, the cell
in front of the splitting plane must be traversed with [near,d] a the
ray segment, and in a second step, the cell behind the splittinggpie,
with [d,far] as the ray segment.
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Figure 4.4: For all ray bundles a common origin is assumed. fite All rays
enter the cell of the front child as all distance valuesl' are greater than
the values far;'. Center left: All rays enter the cell of the back child as all
distance valuesd;' are lower than the valuesriear;'. Center right: If only a
single ray traverses both children, all rays have to follow.igRt: The cells of
the front and the back child have to be accessed again, butrthebundle has
di®erent direction signs. Even in this case, a common fronabk decision is
possible: All rays rst access the cell of the child containgnthe origin.

One advantage of the ray segment algorithm is that it requiresnly a
short sequence of simple instructions. In particular, only the pametric
distance d has to be computed, followed by the two comparisons with the
near and far value. Based on these comparisons, one of the three cases has
to be determined and the traversal is continued accordingly.

4.2.2 The Ray-Segment Algorithm for Ray Bundles

Traversal for bundles of rays relies on the same idea of compayiray seg-
ments as shown for single rays (see Section 4.2.1). Instead of gkannterval
[near; far ], n intervals [near;; far ;], wheren is the number of rays within the
bundle, have to be used. Note that in the following it is assumed #t all rays
within a bundle have a common origin, while the case of arbitrg origins
will be discussed later on. This assumption allows for a common wersal
order in the event of varying ray direction signs.
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Figure 4.4 illustrates that if the segment comparison for all 1gs is iden-
tical (d; > far ; or d; < near;), only one child has to be traversed similarly
to the single ray case. In all other cases, both children must be trersed.
In other words: If any ray indicates a speci ¢ child, all rays hee to follow.
This illustrates why coherence within the ray bundle is esseatlifor achieving
high performance, because the more coherent the rays are thermlikely it
is that all rays make the same decision.

Attention must be given to determining the front and back orde when
both children have to be traversed. In the case that all rays havthe same
direction sign (with respect to the split dimension), the front ad back child
is unambiguously determined (as in the single ray case). If thay direction
signs vary but (as assumed) all rays have a common origin, a nomfaiguous
order (see Figure 4.4) is still ensured, because all rays rst traxse the child
containing the origin.

Computing the appropriate order every time from scratch dung traversal
can be quite complex. Therefore, it can be bene cial to splithe rays into
bundles with equal direction signs before the traversal. Maooger, in practice
only a few bundles need to be split up. For more simplicity, thease of equal
direction signs is assumed for all subsequent code examples.

A similar procedure can be applied if the rays within the bund do not
share a common origin and ray directions di®er. In this case, ronsistent
front and back order can be determined. The best way to ensure arsistent
order is to split the rays into bundles containing only rays wh equal ray
directions ensuring a common traversal decision.

4.2.3 Implementation

In the following, an example implementation for the ray segnme traversal
algorithm for ray bundles is proposed. The implementation isptimized for
exploiting SIMD features by using SSE intrinsics. As SSE operaen four
°oating point values at once, it is bene cial to use ray bundiewith a multiple
of four rays. The implementation is divided into three parts: titialization,
traversal order determination, and the traversal operationtself.

Initialization

The initial clipping against the scene bounding box computesie minimum
and the maximum parametric distances to all three plane slab&&y86] (a
box is de ned as the intersection of three slabs). Figure 4.5 shewhe SSE
implementation for a bundle of four rays. Note that values o€lip_min and
clip_max will be exchanged according to the ray directions, before upting
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near4 and far4. During traversal, the parametric distanced to the splitting
plane is computed agd = (split j origin) @ 1=direction. By precomputing
1=direction a costly division operation is avoided. Note that the inverse
computation does not have to be performed at this point, e.ghe inverse of
directions for primary rays can be initialized when the raysre generated.

sse_t neard = _mm_setzero_ps(); /Il -- four ray segments --
sse_t far4 = _mm_set_psi(Infinity);
SSEVec4 oneOverDirection; /Il -- 1.0 / ray4.direction --

/I -- clipping in the x dimension --

oneOverDirection4.t[0] = Inverse4(ray4.direction.t[0] )i
/[ compute minimum distance by (box.min.x - origin.x) * 1.0/ direction.x
const sse_t clip_min = _mm_mul_ps(_mm_sub_ps(_mm_set_ps(box.min.x),

ray4.origin.t[0]),
oneOverDirection.t[0]);

/I compute maximum distance by (box.max.x - origin.x) * 1.0/ direction.x
const sse_t clip_max = _mm_mul_ps(_mm_sub_ps(_mm_set_fgbox.max.x),
ray4.origin.t[0]),
oneOverDirection4.t[0]);

/I update near4 and far4 based on the minimum and maximum dist ance
const sse_t cmp = _mm_cmpgt_ps(ray4.direction.t[0],_mm_  setzero_ps());
near4d = _mm_max_ps(near4,Update4(cmp,clip_min,clip_ma x));
far4 = mm_min_ps( far4,Updated4(cmp,clip_max,clip_min)  );

Figure 4.5: Initial segment initialization for a four-ray bundle. The four ray
segments are stored within the two SSE variables 'near4’ arfidr4’. After ini-
tialization, one clipping step against the scene boundingxp here in the rst
dimension, is applied. Clipping in the other two dimensions implemented
accordingly. The inverse of the directions is stored in the '@DverDirection4'
structure.

In order to achieve a common traversal order, it is necessary tolispip a
ray bundle with di®erent ray directions into bundles with eqgal ray directions.
This case can be quickly detected by comparing the directiongsis of all
rays within the bundle. The signs for a four-ray bundle can bexé&racted by
a simple _mm_movemaskps instruction. This instruction extracts the sign
bits of all register elements, and stores the nal 4-bit result whin a general
purpose register. In the case the four signs are equal (either 0Gxf ) with
respect to all three dimensions, the bundle does not need to beisplThe
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splitting operation can actually be seen as a sorting of ray dicgons into the
eight coordinate system octants. Each octant ensures equal rayettions,
and can therefore be processed without further splitting.

In the case a ray does not enter the scene bounding box it shouldtno
in°uence any decision in the traversal and intersection. Thefare, such in-
valid rays have to be identi ed and deactivated. Fortunate}, the clipping
step automatically sets the ray segment for invalid rays to thenvalid state of
near > far . Detecting this case by performing an SSE comparison between
near4 andfar 4 allows for using the bit-mask result as a valid/invalid mask
for rays.

const unsigned int dir_x = *(unsigned int *)(&ray4.directi on.t[0]);
const unsigned int dir_y = *(unsigned int *)(&ray4.directi on.t[1]);
const unsigned int dir_z = *(unsigned int *)(&ray4.directi on.t[2]);
const unsigned int ray_dir_x = (dir_x & ((unsigned int)1<<3 1))) >> 28;
const unsigned int ray_dir_y = (dir_y & ((unsigned int)1<<3 1))) >> 28;
const unsigned int ray _dir z = (dir_z & ((unsigned int)1<<3 1))) >> 28;

const unsigned int ray_dir[3][2] = {
{ ray_dir_x,ray_dir_x"((unsigned int)1 << 3) },
{ ray_dir_y,ray_dir_y"((unsigned int)1 << 3) },
{ ray _dir_z,ray dir_z*((unsigned int)1 << 3) } }

Figure 4.6: Precomputing the traversal order (front and b&cchild) as o®sets
for a bundle of rays with equal directions. For a given dimemsi 'd’, the
front child has an o®set of 'raydir[d][0]’, and the back child of 'raydir[d][1]".
In order to exciently obtain the pointer to the front respedwely back child
of the current kd-tree node, only the precomputed o®set hasbe added to
the current node address. Note that the size of a kd-tree node8 bytes.
Therefore, the extracted sign bit must be right-shifted I88 bits. The o®set
table contains only the value8 or 0.

Traversal Order

Under the condition of a common traversal order, it is only nessary to
decide which of the left or right kd-tree child node is the frot respectively
back child. By using a small array of two integer o®sets per dim&on, as
shown in Figure 4.6, the o®set to the front and back child can begtomputed
(based on the direction signs) for the whole bundle. As all rays thin the
bundle have equal directions signs, the simpli cation can be rda to initialize
the o®set table with the data of the rst ray of the bundle.

The o®set table itself allows for speeding up the inner-travetdaop be-
cause it avoids recomputing the o®set for every traversal step.o@puting
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the address of the child node now only requires a simple integaddition to
the address stored in the parent node. This is however only a srhaptimiza-
tion: The o®set table and its impact on the inner-most traversabop can
typically increase the total ray tracing performance by up taa few percent.

Traversal

The core of the actual traversal code basically consists of theaikgon of
whether to follow either the left, right, or both child nodes. As shown in
Figure 4.4, the state of all (active) rays must be considered irhé decision.
Similar to the initial clipping, attention must be paid to rays that enter a
cell that they did not intend to enter. These rays must not in°uace any
decision regarding the traversal of the sub-tree that they areifced to enter.
Therefore, these rays have to be deactivated.

Ray segments of such invalidated rays are automatically set the invalid
state of near > far . Therefore, identifying invalid rays can be ezxciently
implemented by testing their currentnear and far values during traversal.
The bit mask returned by the SSE comparison can be used (in combiion

with the initial state provided by the clipping step) to deactivate these rays.

Note that the invalidation of rays can only happen when the raybundle
traverses both children. Another way for fast ray invalidationis to track the
state (active/inactive) of each ray during traversal. If a raybundle intends to
traverse both children, two masks are created which correspotalthe active
rays within each sub-voxel. This mask is then logically combé&d with the
current active mask. Therefore, no deactivated ray can bec@nactive again.
Note that in the case of explicitly handling the active mask, thenask of the
back sub-voxel has to be saved on the stack. Experiments have shaivat
the performance of these two approaches is equivalent.

Figure 4.7 shows the actual traversal code. The inner-most lognd
therefore the most time-critical part descends within the kdree until a leaf
entry is found. For each traversal step, the dimension is extréed rst. Based
on the dimension, the four distances to the splitting plane are computed.
This computation involves an_mm_set psl instruction, which is actually a
compound of _mm_setss and _mm_shu?e ps to copy the split value into
the four register elements, anmm_suhps instruction for subtracting the ray
origins, and nally an _-mm_mul_ps for a multiplication with the inverse di-
rections. The computation can be interleaved with the compation of the
address of the two child nodes and the determination of the fnband back
child, because the latter only depends on dimensida Interleaving instruc-
tions is bene cial to address pipeline latencies. The addressgputation only
involves integer instructions, while computing the distanced only targets



Chapter 4: Tracing Coherent Ray Bundles

unsigned int activeMask = Oxf, termination = 0, index = O;
union { KDTreeNode *node; unsigned int adr; };
node = scene->root; // root of kd-tree
do { /I traverse until a leaf is reached
while (IISLEAF(node)) {
const unsigned int k = DIMENSION(hode);
const sse_t d = _mm_mul_ps(_mm_sub_ps(_mm_set_psl1(nodesplit),
ray4.origin.t[Kk]),
oneOverDirection4.t[K]);
adr += OFFSET(node);
KDTreeNode *back = (KDTreeNode *)(adr + ray_dir[K][1]);
KDTreeNode *front = (KDTreeNode *)(adr + ray_dir[K][0]);
node = back; // only back child traversal ?
if (!(_mm_movemask_ps(_mm_cmple_ps(near4,d)) & activeM ask)) continue;
node = front; // only front child traversal ?
if (!{(_mm_movemask_ps(_mm_cmpge_ps(far4,d)) & activeMask)) continue;
stackNode[index] = back; // push values on stack
stackSSE4[index].near4 = _mm_max_ps(near4,d);
stackSSE4[index].far4 = far4;
index++;
far4 = _mm_min_ps(fard,d); // update far values and the acti ve mask
activeMask &= _mm_movemask_ ps(_mm_cmple_ps(near4,fay}
}
if (node->items) {
/I ... intersection code ...
termination |= activeMask &
_mm_movemask_ps(_mm_cmpge_ps(far4,hit4.dist));
if (termination == 0xf) return; // valid intersections -> te rminate
}
if ( index == 0 ) return; // stack empty -> terminate
index--; /I pop values from the stack and update active mask
node = stackNode[index];
neard = stackSSE4[index].near4;
fard = stackSSE4[index].far4;
activeMask = ~termination & _mm_movemask_ps(_mm_cmplesfnear4,fard));
} while(1);

Figure 4.7: SSE traversal code for a bundle of four rays (witlyeal direction
signs). The four lowest bits of 'activeMask' correspond tché current ray
state (activated/deactivated), which is based on the currerelation between
'near4' and ‘far4’. The code consists of three parts: Traverd until a leaf
is reached, then perform (possible) primitive intersectionests, and if not
all rays are set for early ray termination, starting a new tragrsal iteration
with values taken from the stack. When taking an entry from ahstack the
‘activeMask' is updated with the mask of the already termite rays.
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the °oating point pipeline. The out-of-order execution ur of the processor
is able to execute these instructions mostly in parallel.

The decision whether to traverse the front child, back child, oboth
children is computed by only considering active rays. The lowefour bits
of activeMask indicate the current state of all four rays. Applying a logical
and betweenactiveMask and the result of SSE comparison betweeth and
near4 respectivelyfar 4, automatically sets the °ag register, removing the
need for an additional compare instruction. The rst compariso betweend
and near4 tests if no ray requires to access the front child. If this cortibn
is true all rays will go to the back child. The second comparisofor testing
the front child (no ray needs to access the back child) based drand far 4,
works accordingly.

If both the front and the back children have to be consideredhe active
mask is updated based on the current values by applying a logicand be-
tween near4 and far 4. This is done because a deactivated ray can never
become active again, so the number of active rays will only b@oe smaller
while descending the tree. Additionally, the back node and theorrespond-
ing far value are pushed onto the stack, and the corresponding skaindex
is increased.

The two branches within the inner-most traversal loop are onlyaken if
all rays go either exclusively to the front or back child. Theséwo cases
should be arranged before the case of traversing both childrdmecause the
more coherent the rays are the lower the probability for theater case. The
probability of the front and back branch depends on the scenend in par-
ticular on the view, which is why the branch arrangement doesot matter
signi cantly. Statistics have shown that for coherent rays althree cases oc-
cur with equal probability. Therefore, the two exclusive braches are taken
with an average probability of 23 and require fewer instructions than the
both child case.

In terms of cache misses, the critical memory access occurs whaading
the data of a kd-tree node from memory. Reducing the cache missky
inserting prefetch instructions fails because the traversal de is too small to
completely hide the memory latency. On current CPU architdares, roughly
200 cycles are required to hide the latency of main memory asses. On the
other hand, the CPU cache hierarchy ensures a reasonable catliterate
because of the locality of kd-tree node accesses.

When reaching a leaf node an empty test is applied rst. As advaad
kd-tree construction tends to cut o® empty space as much as possjbmany
empty leaves will be created. In the case that the current leag is not empty,
intersection tests, e.g. for triangles (see Chapter 5) are pemfioed based on
a primitive index list.
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After performing all intersection tests, all rays are checked fcearly ray
termination. Note that only those rays are marked as termina@ whose
intersection distance is smaller than the currenfar value and the corre-
sponding active masks are set. If the distance is higher than tharcent far
value, a potential new intersection could exist between the oent far and
the intersection distance.

At the end, if the stack is not empty, the corresponding valuesra taken
from the stack and traversal is restarted. Before restarting tngersal, the
active mask is reset based on the updatetkar and far values, and on any
newly terminated rays.

The code in Figure 4.7 stores the active mask as an integer bit sia
On some CPU architectures, it is more bene cial to hold the acte within
SSE registers, and apply anmm_and_ps before transferring the result of the
comparison using the mm_movemaskps instruction. The latter also su®ers
from a very high latency of 7 or more cycles (on current arctdgttures). The
high latency results from the fact that the asynchronously runimg integer
and °oating point pipelines have to be synchronized.

Further critical performance hot spots are the two branchesdrause they
are purely data dependent. Therefore, the processor's brangtediction unit
cannot really reduce the amount of mis-predicted branches. &des the im-
pact of branch mis-prediction, the traversal code for four ra/has a lot of data
dependencies, making parallel out-of-order execution distt. For larger
bundles, some operations like the computation of the split pl@&ndistances
can be done in parallel across all four-ray bundles. Neverths$e branching
according to the three traversal cases requires the comparismsults of all
four-ray bundles. This introduces implicit synchronization limiting the code
regions for potential parallel execution.

Extension: Removing Branches

The traversal loop can be implemented without branches (seedtire 4.8)
because a mis-predicted branch causes a pipeline stall up to teadth of the
processor's execution pipeline.

Current CPU architectures allow for using conditional movenstructions
to prevent branching. These instructions move a value to a resier only if
a speci ¢ condition holds true. Current C/C++ compilers [Intel02a, GNU]
tend to use such conditional move instructions through thé&: operator, if
both operands are constant values. The code shown in Figure 4&aes this
operator for setting the traversal side. Note that the conditioal ?: operator
represents only a hint for the compiler to use a conditional mevinstruction,
not a must. Depending on the compiler, it is helpful to manuajl modify
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sse_t far4_update[2];
union { KDTreeNode *node; unsigned int adr; };

while (ISLEAF(node))
{
const unsigned int k = DIMENSION(node);
const sse_t d = _mm_mul_ps(_mm_sub_ps(_mm_set_psi1(nodesplit),
ray4.origin.t[k]), oneOverDirection4.t[K]);
adr += OFFSET(node);
far4_update[0] = _mm_min_ps(far4,d);
far4_update[l] = far4;

const unsigned int d_near = _mm_movemask_ps(_mm_cmple_fisear4,d));
const unsigned int d_near_active = (!(d_near & activeMask) )?1:0;

stackNode[index] = (KDTreeNode *)(adr + ray_dir[K][1]);
node = (KDTreeNode *)(adr + ray_dir[k][d_near_active]);

const unsigned int d_far = _mm_movemask_ps(_mm_cmpge_p&r4,d));
const unsigned int d_far_active = (I(d_far & activeMask)) ? 1:0;

stackSSE4[index].near4 = _mm_max_ps(near4,d);
stackSSE4[index].far4 = far4;

const unsigned int both_sides = d_near_active | d_far_acti ve;
index += 1 ™ both_sides;

far4 = far4_update[both_sides];

activeMask &= _mm_movemask_ps(_mm_cmple_ps(near4,fay

}

Figure 4.8: The inner-most traversal loop implemented witlib branches
through applying conditional move instructions (using the :? operator).
Branchless code avoids the penalty of branch mis-predictso As the complete
code sequence is executed regardless of the determinedetsal case, more
instructions have to be executed. The break-even point, wehéhe branchless
version becomes faster depends on the probability distribuat of the three
traversal cases. Note that the ‘far4’ value must only be upedtwith the min-
imum of ‘far4' and 'd" if both children need to be traversed. fis code uses a
table look-up to properly update the 'far4' value.

the code in order to achieve the desired goal, e.g. by applyiegplicit const
typecasts or code rearrangements.

The conditional move instructions are used to compute a traveal °ag
that is active in the event that both children have to be travesed. Regardless
of the traversal case, the back child is always saved on the trasal stack,
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#define FOR_ALL_BUNDLES for (unsigned int i=0;i<BUNDLESj++)
while ('ISLEAF(node))
{
const sse_t node_split = _mm_set_psl(node->split);
const unsigned int k = DIMENSION(node);
adr += OFFSET(node);
KDTreeNode *front = (KDTreeNode *)(adr + ray_dir[K][0]);
KDTreeNode *back = (KDTreeNode *)(adr + ray_dir[K][1]);
unsigned int d_near = 0, d_far = 0;
sse_t d[BUNDLES];
FOR_ALL_BUNDLES

{
d[i] = _mm_mul_ps(_mm_sub_ps(node_split,ray4[i].origi n.t[k]),
oneOverDirection4][i].t[K]);
d_near |= _mm_movemask_ps(_mm_and_ps(_mm_cmple_ps@da[i]),
activeMaskK[i]));
d_far |= _mm_movemask_ps(_mm_and_ps(_mm_cmpge_ps(fgmdli]),
activeMaskK[i]));
3

node = back;

if (d_near == 0) { continue; } // traverse the back child

node = front;

if (d_far == 0) { continue; } // traverse the front child

/I traverse both children => push values on the stack

FOR_ALL_BUNDLES {
stackISSE[stackindex].far4[i] = far4]i];
stackISSE[stackindex].near4[i] = _mm_max_ps(neard4i], dli);
fard[i] = _mm_min_ps(far4[i],d[i]);
activeMask[i] = _mm_and_ps(activeMask]i],

_mm_cmple_ps(near4][i],far4[i]));

stackNode[stackindex] = back;
stackindex++;

Figure 4.9: The inner-most traversal loop for an arbitrary nmber of four-
ray bundles. The implementation relies on the same algomthas shown in
Figure 4.7. Note that for each four-ray bundle, the 'activeltk’ is stored as
SSE data type.

but the stack pointer is only updated if the traversal °ag is adtve. A similar

mechanism is applied for updating thdar4 value: Both the original and a
modi ed far4 value are stored into a table, and thefar4 is set by a table
look-up based on the traversal °ag. Updating théar4 could be implemented
by a sequence of conditional move instructions, but a table loakp is usually
faster.



4.2 Ray Bundle Traversal | 47

As the branchless version executes more instructions as the verswith
branches, the break-even point where the branchless versiorcomes faster
depends on the probability distribution of the three travershcases. The
more likely the both-side case is, the more bene cial the branelss version
will be. Therefore, ray bundles with a low coherence are moseitable for
the branchless version.

Extension: Tracing Multiple Ray Bundles

Extending the code to trace more than four rays in parallel istraightforward.

As SSE operates on four elements, it is bene cial to handle migtes of four-
ray bundles, e.g. four four-ray bundles corresponding to 16y Note that

16 rays require fournear4 and four far4 values. Unfortunately, the eight
SSE registers (on standard 32-bit Intel or AMD architectures) dmot allow

for holding all near4 and far4 values within registers during traversal. This
introduces additional memory accesses (temporary values must stored to
memory). An alternative implementation could store theactiveMask as an
integer value, instead of using thesset data type. Which way is actually
faster, largely depends on the actual architecture used.

Figure 4.9 shows the traversal loop for an arbitrary number obfir-ray
bundles. Note that computing distancesd;, and the corresponding com-
parisons tonear; and far; for a bundlei is independent of other bundles,
allowing for an increased instruction level parallelism.

Moreover, the decision to follow only one side comes up roughty the
middle of the traversal code. This means, the more likely the erside case
happens the more often half of the traversal code is skipped. ©mould
easily implement the traversal code for multiple bundles witbut branches,
following the same approach as shown in Figure 4.8. Whether shapproach
is bene cial or not, largely depends on the probability thatboth children
must be traversed as well as the penalty cost for a mis-predictedanch.

Extension: Tracing Multiple Ray Bundles With Masking

Apart from the given code examples, many implementation vands are pos-
sible. As mentioned in the beginning of this section, storing thactive mask
as integer directly on the stack will avoid updating the actie mask based
on the current near and far values. Moreover, the complete figback child
determination can be recoded in a left/right child decision sing a sequence
of Boolean expressions (see Figure 4.10).

As the fact that the front or back child only depends on the ray gtections,
they can be evaluated on the °y. Therefore, all ray directios (with respect to
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#define FOR_ALL_BUNDLES for (unsigned int i=0;i<BUNDLESj++)
unsigned int activeMask = Oxffff;
while (IISLEAF(node)) {

const sse_t node_split = _mm_set psl(node->split);

const unsigned int k = DIMENSION(node);

adr += OFFSET(node);

unsigned int dgef = 0; unsigned int dlen = 0;

sse_t d[BUNDLES];

FOR_ALL_BUNDLES ({

dlil = _mm_mul_ps(_mm_sub_ps(node_split,ray4[i].origi n.t[k]),
oneOverDirection4[i].t[K]);
dlen |= _mm_movemask_ps(_mm_cmpgt_ps(near4[i],d[i])) < < (4*);

dgef |= _mm_movemask_ps(_mm_cmpgt_ps(d[i],far4[i])) << (4*);
h
const unsigned int bactive = ((dgef Oxffff) &

(dlen"0xffff)) & activeMask;
dgef &= activeMask; dlen &= activeMask;
/I active rays that require to traverse the right child
const unsigned int ractive = (dgef & dir[K]) |

(dlen & (dir[k]"Oxffff)) | bactive;
/I active rays that require to traverse the left child
const unsigned int lactive = (dgef & (dir[k]"Oxffff)) |

(dlen & dir[K]) | bactive;

if (lactive == 0) { adr += 8; continue; } // traverse the right c hild
if (ractive == 0) { adr += 0; continue; } // traverse the left ch ild
FOR_ALL_BUNDLES {

stackISSE[stackindex].far4[i] = far4]i];

stackISSE[stackindex].near4[i] = _mm_max_ps(near4]i], d[iD;

fard[i] = _mm_min_ps(far4[i],d[i]);

}
const unsigned int side = (bactive & dir[k]) != 0O;

node += side;
stackNode[stackindex] = (KDTreeNode*)adr8;
stackNode[stackindex] = side ? lactive : ractive;
activeMask &= side ? ractive : lactive;
stackindex++;

Figure 4.10: The inner-most traversal loop for up to eight fauay bundles
(all rays must have the same direction sign). Instead of hohdj the ray active
mask within multiple SSE registers, the mask is stored as d biask within

a single integer register (requiring more _mm_movemaskps' instructions).

The decision of whether to follow the front or back child is miioed into a

decision of whether to follow the left child (o®set 0) or theght child (o®set
8).
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the three dimensions) are extracted and stored as bit-masks intaree integer
variables. Depending on the split dimension, one of these thre@attion
masks is applied to determine the front and back child, respeetly.

Compared to the code example of Figure 4.9, the deactivatiaf invalid
rays is not performed by SSE instructions but integer instruédbns. Depend-
ing on the architectures, this modi cation can be bene cial bt in general
the two implementations provide similar performance.

Future Modi cations

If a future version of the SSE instruction set includes a multigtadd in-
struction, the dependency chain for computing the distance® tthe splitting
plane can be reduced. Instead of performing§lit i origin) =& 1=direction,
one could rearrange this code sequence $plit @ 1=direction j origin =@
1=direction, while the j origin @ 1=direction could be precomputed. The
rearrangement allows for directly applying a multiply-addinstruction of the
formaob+ c

Note that there is no unique fastest code sequence. Depending twe t
architecture, in particular on the throughput and latency d the instructions,
one has to choose an appropriate implementation. Moreover,nse optimiza-
tion techniques are bene cial for a certain architecture,.g. the Pentium-1V,
but are disadvantageous for other architectures such as the @pon.

4.3 Ray Bundle Traversal Il

Reshetov et al. [Reshetov05] proposed an alternative traversalgorithm
which does not consider the decision of each ray in order to detene the
behavior of the whole bundle. Instead, the algorithm exciemy culls parts
of a kd-tree which are known not to be intersected by the frusturspawned
by the rays within the bundle. The underlying culling technque is called
inverse frustum culling

4.3.1 The Inverse Frustum Culling Algorithm

Inverse frustum cullingallows for exciently culling the axis-aligned bounding
boxes (AABBs) associated with kd-tree cells by using the faces of aen
AABB as separation planes. If one of these planes separates the raynble
from the AABB, the corresponding cell can be exciently culled.

Figure 4.11 illustrates the approach by using a 2D example. Awgin cell
associated to a kd-tree node is split into two sub-cells (associdt® the two
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Figure 4.11: Traversal for ray bundles by comparing only e&tnal values: If
the extremal intersection valuednax' (' dmin ) Of all intersections with split-
ting plane 'S’ is less (greater) than S5min ' (' Smax') (the bounds of S' with
respect to the current cell), only the front (back) cell, coted green (white),
has to be considered further, while the back (front) is conapély culled. The
non-culled cell is marked green. If none of the two cases idig#aboth cells
have to be considered. Note that the culling test has to be laggpin two
dimensions, i.e. given split dimension ‘X', the two cullingests have to be
applied to the other two dimension 'y' and 'z'.

child nodes) by split planeS. In a rst step, the algorithm computes the in-
tersection valuesd; for all rays within the bundle with splitting plane S. On
the assumption that the bundle intersects the given cell, the tarsected sub-
cell(s) has/have to be determined. Determining the sub-cell nabe exciently
realized by only comparing the extremal values of all ray-gging-plane in-
tersectionsd, with the bounded interval [Smin ; Smax ] Of Splitting plane S.
Knowing the extremal values of ray directions in advance als for han-
dling large bundles of rays without considering all rays dung traversal. As-
suming a standard perspective camera for generating primaryys these ex-
tremal values correspond to the corner rays of a sm&ll£ N pixel block. The
de nition of all rays within the bundle must only be known whenentering a
non-empty leaf, especially for performing the ray-primitie intersection tests.
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Depending on the common direction of rays within the bundlegnly two
cases have to be considered:

dmax < S min - All intersection points d; are lower than sy, . All rays will
only intersect the cell associated to the front child.

dmin > S max . All intersection points d; are greater thanspa . All rays will
only intersect the cell associated to the back child.

In all other cases both children have to be traversed.

Applying the algorithm to 3D requires the comparison to be madén
two dimensions: For example, given a split plane parallel to thgz-plane
the intervals in y and z direction have to be used. Furthermore, not only
the front and back child but also the roles ofd,, and dn.x depend on the
common ray directions within the bundle.

4.3.2 Implementation

In contrast to the algorithm in Section 4.2, the traversal doesot rely on
handling ray segments but on continuously updating the axis-gned bound-
ing box referring to the current kd-tree voxel. Representinghe axis-aligned
bounding box by the two extremal points, as shown in Figure 3.1@llows
for exciently updating the current box. The extremal compomnt of the box
which has to be updated depends on the common ray directions.

Initialization

As pointed out, certain parts of the algorithm depend on the acamon ray di-
rections. The eight possible cases, corresponding to the eightarus, could
be implemented separately. The appropriate case only needslie deter-
mined once and in particular before the actual traversal stast In the fol-
lowing, a di®erent implementation is used. The determinatioof the traver-
sal case is done in the inner-most traversal code but using datapémdent
reads. Therefore, using look-up tables, e.g. for storing intage®sets to ex-
tremal points with the box structure (see Figure 4.12) allowsof avoiding
costly branches within the traversal code.

Traversal

The actual traversal code for four rays is shown in Figure 4.131 a rst step,
the four distancest to the current split plane are computed. Depending on
the dimension of the split, the other two dimensionglimO and dim1 are
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const unsigned int signs[3] = {
_mm_movemask_ps(ray4.direction.t[0]),
_mm_movemask_ps(ray4.direction.t[1]),
_mm_movemask_ps(ray4.direction.t[2])

h

const unsigned int nearOffset[3] = {
(signs[0] == Oxf) ? 0+0 : 4+0, // min,max
(signs[1] == Oxf) ? 0+1 : 441, // min,max
(signs[2] == Oxf) ? 0+2 : 442, /I min,max

3

const unsigned int farOffset[3] = {
(signs[0] == Oxf) ? 440 : 0+0, // max,min
(signs[1] == Oxf) ? 4+1 : 0+1, // max,min
(signs[2] == Oxf) ? 4+2 : 0+2, // max,min

3

const unsigned int dimTable[3][2] = {

{1,2}, Il y,z

{0,2}, Il x,z

{0,1} /I xy

|3

Figure 4.12: The 'signs' table stores the sign bits per dim&on for a bundle
of four rays. The 'nearO®set' and 'farO®set' tables refer to corapents of
extremal points within the box structure. These tables arec@ently used
within the traversal code to avoid costly branches. The latble is used
for determining the two dimensions that are di®erent from theurrent split
dimension.

determined. Computing the intersections pointsY and Z with the splitting
plane using the two dimensions, allows for an excient comparis@against the
bounding box intervals. The minimum respectively maximum coponent of
these box intervals is determined by applying a look-up in th@earO®set
and farO®set table. The decision of whether the front child, back child,
or both children are traversed requires only a comparison bed&n the four
intersection points and the minimum and maximum box componés.

Instead of maintaining a stack of ray segments, a stack of axis-aligd
bounding boxes (in addition to the kd-tree node stack) is usedVhen both
children have to be traversed, the current bounding box and thcorrespond-
ing kd-tree node are pushed onto the respective stack.

Note that early ray termination requires a maximum ray distane with
respect to the current leaf. The distances can either be commat during
traversal, which is rather costly, or be computed by a sequencé dipping
steps when entering a non-empty leaf (see Figure 4.5).
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while ('ISLEAF(node))
{
const float split = node->split;
const sse_t node_split = _mm_set _psi(split);
const unsigned int k = DIMENSION(node);
(unsigned int)node += OFFSET(node);
KDTreeNode *front = (KDTreeNode *)(adr + ray_dir[K][0]);
KDTreeNode *back = (KDTreeNode *)(adr + ray_dir[k][1]);
const sse_t t = _mm_mul_ps(_mm_sub_ps(node_split,ray4.0 rigin.t[k]),
oneOverDirection4.t[K]);
dimTable[K][O];
dimTable[K][1];

const unsigned int dimO
const unsigned int diml

const sse_t Y = _mm_add_ps(ray4.origin.t[dimQ],
_mm_mul_ps(t,ray4.direction.t[dimQ]));
_mm_add_ps(ray4.origin.t[dim1],
_mm_mul_ps(t,ray4.direction.t[dim1]));
const sse_t b_minY = _mm_set_ps1(((float*)&cbox)[nearOf  fset[dimO0]]);
const sse_t b_minZ = _mm_set_psl(((float*)&cbox)[nearOf  fset[dim1]]);
if ( _mm_movemask_ps(_mm_cmplt_ps(Y,b_minY)) == signs[dim0] ||
_mm_movemask_ps(_mm_cmplt_ps(Z,b_minZz)) == signs[dinil)
{
((float*)&cbox)[nearOffset[k]] = split; node = front; con tinue;
}
const sse_t b_maxY = _mm_set_ps1(((float*)&cbox)[farOff set[dimOQ]]);
const sse_t b_maxZ = _mm_set_ps1(((float*)&cbox)[farOff set[dim1]]);
if ( _mm_movemask_ps(_mm_cmpgt ps(Y,b_maxY)) == signs[ich0] ||
_mm_movemask_ps(_mm_cmpgt_ps(Z,b_maxZ)) == signs[diinfl
_mm_movemask_ps(t) == 0xf)
{
((float*)&cbox)[farOffset[k]] = split; node = back; conti nue;

const sse_t Z

stackBox[stackindex] = cbox;

stackNode[stackindex] = back;

((float*)&chox)[nearOffset[K]] = split;
((float*)&stackBox[stackindex])[farOffset[k]] = split ;
node = front;

stackindex++;

Figure 4.13: Traversal code using extremal properties of tmay bundle. The
decision of whether the front child, back child, or both ctiien are traversed
is based on the decision of whether all intersection pointstiveen the rays
and the splitting plane lie outside the rectangular planegen bounded by the
current kd-tree voxel.
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Figure 4.14: Alternative traversal using the ray segmentgdrithm for trac-
ing ray bundles (see Section 4.2.2) by comparing extremalues. Left: If the
minimum distance dn,;, ' to the current split plane is greater than the max-
imum distance to the current AABB far ', only the front child (marked
green) must be traversed. Right: If the maximum distance tdd current
split plane 'dnax ' is less than the minimum distance to the current AABB
'nearnyn ', only the back child (marked green) must be traversed. Inlather
cases, both children must be considered. In contrast to thearsdard ray seg-
ment algorithm for bundles, only a single ray segmefriearyi, ;far max] is
used (and updated) during traversal.

Alternative Traversal

Compared to the previous algorithm, an alternative traverdgsee Figure 4.14)
relies on computing the minimum and maximum distance to the AABR:or-
responding to the current kd-tree node. If the maximum (miniram) of all
distances to the current split plane is less (greater) than theucrent mini-
mum (maximum), all rays will exit the AABB after (before) inter secting the
split plane and will therefore only visit the back (front) child.

The code for the alternative traversal algorithm is shown in Fjure 4.15.
The main advantage of the implementation is the lower code pwplexity as
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compared to the previous implementations for tracing ray badles. Since
only a single ray segment based on extremal values is used, theoalpm
will introduce unnecessary traversal steps in the case of low ragherence
within the bundle.

Note that for further optimization, the horizontal operation within the
code shown in Figure 4.15 can be removed by using a precomputeadlé of
minimum and maximum values of ¥ray:direction for determining dMin and
dMax.

/I float near: the current minimum of all distances

/I float far: the current maximum of all distances

while ('ISLEAF(node))

{

const float split = node->split;
const sse_t node_split = _mm_set_psi1(split);
const unsigned int k = DIMENSION(node);
adr += OFFSET(node);
KDTreeNode *front = (KDTreeNode *)(adr + ray_dir[K][0]);
KDTreeNode *back = (KDTreeNode *)(adr + ray_dir[k][1]);

const sse_t d = _mm_mul_ps(_mm_sub_ps(node_split,ray4.0 rigin.t[k]),
oneOverDirection4.t[K]);

const float dMin = _mm_cvtss_f32(sseHorizontalMin(d));

const float dMax = _mm_cvtss_f32(sseHorizontalMax(d));

node = back;

if ( dMax < near) { continue; }

node = front;

if ( dMin > far) { continue; }
stack[stackindex] = back;
stack[stackindex].near = MAX(dMin,near);
stack[stackindex].far = far;
stackindex++;

far = MIN(dMax,far);

Figure 4.15: Alternative traversal variant for handling raybundles by ex-
tremal values. The code is based on comparing the extremaitances dMin '
and 'dMax’ (to a splitting plane) with a single ray segmennear; far ].

4.3.3 kd-Tree Entry Point Search

Reshetov et al. [Reshetov05] proposed to use one of the two presgiextremal
traversal algorithms to nd better entry points within the kd-tree. Having
deep entry points within the kd-tree allows for minimizing he required num-
ber of traversal steps per bundle.
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PO,

(B) C
v\
Q E O Inner node

empty leaf

. non-empty leaf

Figure 4.16: Simple example of nding a kd-tree entry poinbf a bundle of
rays using extremal traversal: Starting at the root node 'A'only the left child

'B' has to be traversed. At'B', both children have to be cordgered. Therefore,
'‘B' is pushed onto the bifurcation stack, and the traversabatinues with the
front child 'D' of 'B". At'D’, only the right child 'G" has to b e traversed. Node
that 'G' is a non-empty leaf (marked red), so it becomes the st kd-tree entry
point candidate and the bifurcation stack is frozen. As thefbrcation stack is

non-empty (it contains 'B'), the entry point algorithm takes a node from the
bifurcation stack and continues with its back child (the fra child has already
been traversed). The back child 'E' is an empty leaf (markedegn), so the
current kd-tree entry point candidate is not updated. As 'Els a leaf and the
bifurcation stack is empty, the current candidate 'G' is retuned as the kd-tree
entry point. In the event that the entry point is already a Ida which holds
true for 'G', only primitive intersection tests need to be péormed (skipping

ray bundle traversal).

The idea behind the kd-tree entry point search is to start with drustum
that de nes the traversal behavior of a bundle of contained ¥&. For primary
rays generated by a standard perspective camera, the corneysaf a small
N £ N pixel tile will de ne an appropriate frustum. The ray frustum is tra-
versed through the kd-tree until a non-empty leaf is found (seéigure 4.16),
or more precisely, until the axis-aligned bounding box of allrpmitives within
the non-empty leaf is intersected by the frustum. During travesal, all bifur-
cation kd-tree nodes (all nodes where both children have to be considd)
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are pushed onto a stack. This stack (including the rst non-emptyeaf) con-
tains all potential kd-tree entry point candidates. The algathm continues by
taking a potential candidate from the stack and traversing theorresponding
back child (the front child has already been traversed). If foan entry candi-
date a non-empty leaf is found, the corresponding bifurcationode becomes
the current entry point candidate. The traversal and candidee updating
continues until the stack is empty, all rays within the frustumintersect the
primitives of a non-empty leaf, or a leaf is empty but is marke as inside
some \watertight" object (\empty occluders") [Reshetov05]. h all cases, the
current candidate is returned as an entry point. Since not bBkays within
the frustum have to be de ned at the point where the frustum is tsted for
termination, the intersection test must rely on the propertief the frustum,
i.e. if the frustum misses a primitive, all rays within the frustum will miss
the primitive too.

In addition to returning the kd-tree entry point, the algorithm must also
return the corresponding kd-tree cell as an axis-aligned bodimg box. Sub-
sequent traversal algorithms are initialized by this AABB. An inacurate
AABB, as for example the scene bounding box, will cause unnecessaayer-
sal overhead. Note that in the case of ray segment-based traverdake cor-
responding ray clipping step must be performed with the AABB retuned by
the kd-tree entry point algorithm.

With respect to a given ray frustum, the kd-tree entry point algrithm
returns either the rst bifurcation node, or in the event the bfurcation node
is empty, the leaf where all rays have ended. The complete stree above
the entry point can be excluded for the entire set of rays whicare bounded
by the frustum. The more coherent the rays are, the deeper theatey point
is located within the kd-tree. This allows for exciently redicing the number
of traversal steps required for the remaining set of rays. In ordéo achieve
good entry points, Reshetov [Reshetov05] suggested to start (forirpary
rays) with boundary rays for a fairly large set of rays to continously create
smaller sets, and to nd respective entry points for them. Sectio4.4 presents
the corresponding results when the entry point algorithm is usefor primary
rays.

Compared to a standard traversal of ray bundles, the entry poinalgo-
rithm does not perform any intersection test because usually nall rays
have been de ned at this point. For the actual implementatia, both traver-
sal variants shown in Figure 4.13 and Figure 4.15 can be used (withe
modi cation of storing the parent kd-tree node on the stack, istead of the
node referring to the back child). Note that the latter procedre results in
a more inaccurate traversal because of using and continuouslydating a
single ray segment of extremal values. The inaccurate traversaill typically
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result in an increased number of traversal and intersection stepsiowever,
these additional intersection tests can be reduced by perfomg an addi-
tional clipping step against the axis-aligned bounding box spawed by the
primitives within a non-empty leaf [Reshetov05].

On the other hand, the implementation of the second traversalaviant
requires signi cantly fewer instructions compared to the rsttraversal vari-
ant. For either traversal variant, no masking of inactive invéid rays can
be applied (again, not all rays have to be de ned at this point If these
traversal algorithms are applied for standard traversal, theays have to be
coherent or signi cant traversal overhead will be caused (depéing on the
kd-tree quality). In the case these algorithms are applied farather inco-
herent rays, Reshetov [Reshetov05] proposes to use extremal &aal in the
upper hierarchy while changing to the standard traversal (wit masking) in
the deeper parts of the kd-tree (see Section 4.4).

4.4 Experiments and Results

In order to illustrate the bene ts of tracing ray bundles, three triangular
example scenes with varying complexity will be discussed in thellbwing
(see Figure 4.17). All models are rendered at a resolution of 102 1024,
casting only primary rays.

Figure 4.17: A small set of triangular example scenes forulitrating traversal
statistics in the context of ray bundles. The scene complgxvaries from
left to right: 280K (Conference), 680K (VW Beetle), 2.16M (®da Hall)
triangles. All test scenes are rendered at a resolution @D24£ 1024 using
only primary rays.
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4.4.1 Ray Bundle Sizes

Table 4.1 shows traversal and intersection statistics for di®eteray bundle
sizes. These statistics have been generated for the VW Beetle scesmgl
the standard ray-segment algorithm shown in Figure 4.9.

Rays/Bundle |1 | 2£ 2| 4£ 4 || 8£ 8 | 16£ 16| 32£ 32
T Steps/Bundle 29.79| 32.25|| 36.81| 56.33| 104.32 || 261.23
T Steps/Ray 20.79| 8.06 | 23 | 088 | 041 | 0.26

Only Front Side % | 36.39| 35.80| 34.66|| 31.97| 27.34 22.68
Only Back Side % || 39.08| 38.22| 36.01|| 31.65| 25.23 19.22
Both Sides % 24.53|| 25.97| 29.33| 36.39| 47.43 58.10
| Steps/Bundle 2.73 || 3.59 | 5.61 | 11.68| 29.34 88.50

Table 4.1: Traversal and intersection statistics (for primary rays) in relation

to di®erent ray bundle sizes. Even though the statistics amengrated from
the VW Beetle model (see Figure 4.17), the two other scene®wha similar

behavior. The average traversal steps per ray (T Steps/Rayarc be signif-
icantly reduced by using ray bundles (T Steps/Bundle), whilthe number
of required intersection steps (I Steps/Bundle) increasef®r larger bundles.
Given the higher intersection than traversal costs, a modge ray bundle size
of 4£ 4 rays o®ers the best compromise between traversal step reductind

intersection overhead.

While the total number of traversal steps for a complete framean be
exciently reduced by using larger ray bundles, the total perfonance ad-
vantage decreases due to the traversal and intersection ovemblecaused by
non-coherent rays. Because of the overhead, the average numbfeintersec-
tions per bundle ( Steps/Bundle) increases signi cantly with a larger bundle
size. The impact of traversal overhead for larger bundles care lzlearly de-
rived from the relative percentage of the three traversal cas€front child,
back child, or both children). Using small bundles almost 75% ohe cases
require only the traversal of either the front or the back chd. This amount
decreases to 41% for 32 32 bundles.

Because of the generally higher costs for intersection than foaversal,
a compromise between traversal reduction and intersection ohiead has to
be found. The chosen bundle size depends on the cost for a travestep,
the cost for an intersection step, and the quality of the kd-treéself. For the
algorithms presented here, and the target resolution of 10241024, a bundle
size of 4£ 4 rays was found to be most suitable.

If the bounding box of all primitives within a leaf is available, an addi-
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tional clipping step between the bounding box and sub-sets ofélray bundle
can be applied. Assuming for example a bundle size ofE88, additional
clipping tests against the four 4£ 4 bundles could be used to avoid unnec-
essary intersection computations. This could further reduce ghnumber of
intersection tests per bundle while introducing additional cmputations per
non-empty leaf.

4.4.2 Applying kd-Tree Entry Point Search

Finding better kd-tree entry points using the algorithms fran Figure 4.13
and Figure 4.15, allows for further reducing the number of aversal steps
per bundle. In order to simplify matters, the termination criteria of the kd-
tree entry search have been reduced to a simple leaf emptinesst tggnoring
advanced criteria such as \empty occluders”.

For primary rays, the ray frustum is done by splitting the screennto a
starting set of 64£ 64 pixel tiles. After looking for a kd-tree entry point by
performing an entry search using the ray frustum of a & 64 tile (assuming
a standard perspective camera for generating primary rays, tbe extremal
values correspond to the corner rays), the tile is split again to a set of 16
sub-tiles with a size of 1& 16 pixels. For each of these 16 16 pixel tiles,
the entry point search is continued by using the entry point oflte preceding
64£ 64 tile. At this point, the entry search is nished, and the standrd
traversal is invoked. Therefore, each 16 16 sub-tile is split once more into
16 tiles of 4£ 4 pixel, and a standard traversal algorithm starts with the
entry point returned by the entry search of the 1& 16 tile.

For the three example scenes, the average number of traversalpstger
4£ 4 bundle can be reduced by up to 48% (see Table 4.2). By ne-tungj the
heuristics used for the kd-tree construction for individual seees (e.g. by vary-
ing the threshold for cutting o® empty space), the reduction cabe further
increased to over 50% percent. Note that the kd-tree heuristi¢e.g. maxi-
mum depth criteria or empty space thresholds) for one particutascene are
likely to be sub-optimal for others. This should make it clear tht the re-
sults achieved by applying kd-tree entry points algorithms epend largely
on the quality of the constructed kd-tree itself. Moreover, tk integration
of more sophisticated termination criteria for the kd-tree ey point search,
e.g. through inserting empty occluders [Reshetov05] shouldguide even bet-
ter entry points, and therefore a larger reduction of the reqted traversal
steps.

Note that the 48% of saved traversel steps are only achieved for ses
with a rather high geometric occlusion, as for example the cfamence scene.
Figure 4.18 visualizes kd-tree entry points for this scene. Alpst all primary
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Figure 4.18: Left Image: Original conference scene with spte shading,
Right Image: Visualization of kd-tree entry points. All pnmary rays cor-
responding to the green shaded regions take advantage ofréel-entry points
which are deeper than the root of the tree. The red colored i@gs refer to en-
try points which directly correspond to a single kd-tree I€aln this case, only
intersection operations need to be applied and initial o@grons, e.g. traver-
sal initialization or ray clipping can be omitted, saving may unnecessary
operations.

ray bundles exploit deep kd-tree entry points and even for aaifly large
number the entry points correspond directly to kd-tree leaf ades. In this
case, no traversal but only intersection operations have to beegormed.
If this case is applied prior to the actual ray bundle traversalall initial

operations, e.g. ray clipping or traversal initialization ca be omitted, thus
saving many unnecessary operations. As this optimization tecluuie is rather
special, it is not included in any upcoming measurement.

For scenes with high occlusion the e®ect of using deep kd-treggpoints
can even save more than half of the traversal steps. Reshetov [Resh@5]
showed that for such scenes, up to=3 of all traversal steps can be omitted.
On the other hand, complex scenes with less occlusion, such as W&/
Beetle scene, are not well-suited for the entry point algorith. In this case,
only a traversal step saving of 20% to 30% is achieved (see Tabl2)4.

Table 4.2 also provides statistics for replacing the standard£t 4 bundle
traversal algorithm (XP) by a version that is similar to the extremal traver-
sal algorithms (XP4), known from the kd-tree entry search (see Figure 4.13).
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The main di®erence between standard traversal and extremahtersal algo-
rithms is the deactivation of invalid rays through masking oprations. As
the extremal algorithm relies on properties of the whole rappundle without
applying any masking operations, an overhead in traversal andtersection
operations is caused. On the other hand, the advantage of estnal traversal
is its simpler and faster traversal implementation as comparet the stan-
dard algorithm. Standard traversal bases the traversal ordetd(ft, right, or
both children) on the decision of all active rays within a £ 4 bundle, whereas
extremal traversal relies only on the decision of the ray frustu. If the intro-
duced traversal and intersection overhead is suzciently smak.g. for simple
scenes a performance gain of up to 3040% can be achieved.

Scene | Conference| VW Beetle | Soda Hall
T / Bundle XP 39.65 36.81 29.64

| / Bundle XP 6.03 5.61 3.68

T / Bundle XP4 42.13 42.01 30.08

| / Bundle XP4 7.93 7.06 5.01

T / Bundle EP 3.37 3.56 2.94

T / Bundle XP (EP) 20.46 25.03 23.27

| / Bundle XP (EP) 6.04 5.61 4.24

T / Bundle XP4 (EP) 22.99 30.26 23.89

| / Bundle XP4 (EP) 7.94 7.16 5.6
Reduction T XP / XP (EP) 48.39% 32% 21.49%
Reduction T XP4 / XP4 (EP) 45.43% 27.97% 20.59%
Increase T XP (EP) / XP4 (EP) || 12.37% 20.89% 2.66%
Increase | XP (EP) / XP4 (EP) | 31.45% | 27.63% | 32.07%

Table 4.2: 1.) Average traversal steps (T / Bundle) and intesections
(I / Bundle) per 4£ 4 primary ray bundle using standard ray bundle traver-
sal (XP) with masking, and extremal traversal (XP4) using aay frustum
spawned by four corner rays. 2.) Additional traversal stepsequired for
kd-tree entry point search (T / Bundle EP). Average travershsteps and in-
tersections for standard (XP (EP)) and extremal (XP4 (EP)) per 4£ 4 ray
bundle using kd-tree entry points. 3.) For scenes with higltatusion and
less geometric complexity (Conference), up to 48% of all ersal steps are
saved. For scenes with less occlusion and high complexity\(\MBeetle or
Soda Hall), only 32% to 21% are saved. Relying on extremal teasal (XP4)
results in an increased number of intersections (up to 32%).
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For all example scenes, the overhead in traversal steps for thetrexnal
traversal (XP4) as compared to the standard traversalXP ) varies from 2%
to 20%. Morover, the extremal traversal requires roughly 30%ore intersec-
tions. The overhead for intersection is larger than that for taversal because
the additionally accessed kd-tree nodes, which are deeper viitlhe kd-tree,
are likely to not contain empty-space. Unfortunately, an intesection opera-
tion is more expensive than a traversal operation, especiallyare expensive
than an extremal traversal operation. It might be bene cial b follow the
idea of Reshetov [Reshetov05], who proposed (for rather incotwat rays) to
apply extremal traversal in the upper 23 of the kd-tree and for the lower
1=3 the standard traversal with masking. This would ensure fast trarsal in
higher regions of the kd-tree, where the impact of extremataversal is not
that signi cant, and slower but more accurate traversal in the deper kd-tree
regions to prevent unnecessary operations.

Scene | Conference
XP Bundles 65536

EP Bundles 64£ 64 224

EP Bundles 16£ 16 3955

T Steps EP 64£ 64 62.24

T Steps EP 16£ 16 40.76

T Steps EP / XP Bundle || 2.61

Table 4.3: Number of primary ray bundles (frustum spawned liyur corner
rays) used for kd-tree point entry search (EP) and the relateaverage traver-
sal steps per bundle. Note that the kd-tree entry point seamoes not perform
any intersection operations (in this implementation). Theefore, costs of 2-3
additional traversal steps per standard £ 4 bundle (XP) are negligible.

Preliminary tests with a simple depth-based criteria have showthat the
traversal overhead of extremal traversal can be split by half.df scenes with
high occlusion, e.g. the conference scene, even pure extretralersal can
be bene cial. Especially for simple scenes with high occlusiotihe faster
implementation of extremal traversal outperforms the standal traversal al-
gorithm. Note that the pure extremal traversal will not perfom well with
complex scenes having less occlusion, e.g. the VW Beetle scene. dA\sask-
ing of inactive rays can be applied during traversal, extrentdraversal will
access more leaves and will therefore perform more intersentioperations.
The intersection overhead (typically more than 30%) is likgl to o®set any
traversal bene t.
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The overhead for extremal traversal largely depends on the derlying kd-
tree. If the kd-tree is not constructed well, e.g. without aplying surface area
heuristics (SAH), the resulting amount of required traversal anéhtersection
operations can be tremendous [Havran01, Wald04]. Even in tkase of SAH-
based kd-tree construction, it is highly bene cial to furtheroptimize the
kd-tree for extremal traversal, e.g. by avoiding many extree small voxels.
Reshetov et al. [Reshetov05] proposed several techniques fdimojzing SAH-
based kd-tree construction, which could additionally lowerhe traversal and
intersection overhead.

In terms of entry search complexity, only 3 3 additional traversal steps
per 4£ 4 bundle have to be applied (see Table 4.3). Note that the entry
point search does not perform any intersection operations, soetftosts for
kd-tree entry search depend exclusively on the traversal costshd costs for
applying these 2j 3 additional traversal steps per £ 4 bundle are rather
negligible, because these steps are signi cantly faster than stkard traversal
steps.

As the actual ray tracing performance does not only depend ohé chosen
traversal algorithm but also on the chosen intersection algohtn, all total
performance statistics for the triangular example scenes aregiponed until
Chapter 5.

4.4.3 Traversal Costs

Measuring the average cost including memory access for a singévérsal step
of a 4£ 4 ray bundle while using the ray-segment code from Section 82.
yields 130 to 220 cycles. The rst value was measured on one of the
est EM64T architectures with 16 SSE registers, while the secondlwe was
measured on a standard 32-bit processor with only 8 SSE registerdhigil-
lustrates the importance of holding the majority of relevandata within pro-
cessor registers as opposed to loading the data from memory. Besid larger
number of registers, the latest processor generations o®er autgtial features
such as improved branch prediction or lower instruction latecty which also
helps.

The observation of improved performance on the latest architeures holds
also true for the kd-tree entry search algorithm of Section 4.3Here, the
cycle costs vary between 70 and 180 cycles for a single traversiglp. The
less complex code results directly in lower cycle costs, and caenie t from
a larger number of registers in the same way as the standard 4 traversal.

Amortizing the cycle costs for the standard £ 4 ray bundle traversal over
the number of rays yields 8.3 to 1375 cycles, which is very low compared to
the traversal costs of 30 cycles for single rays [Wald04]. If & 4 ray bundle is
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traversed using the extremal traversal, the amortized costs ae38 to 1125.

All these cycle costs should not be seen as exact calculations bather as
rough estimates. Given the varying costs of memory access and-oftorder
execution, an exact timing is very dixcult to achieve.

4.4.4 Ef cient Mailboxing

Due to the fact that a reference to the same primitive can exisnimultiple
kd-tree leaves, a ray bundle could perform the primitive intesection test
multiple times. A simple technique to avoid such unnecessary imection
tests is Mailboxing [Amanatides87, Glassner89, Kirk91].

Mailboxing allows for checking if a given primitive has alrady been in-
tersected by the current ray bundle or not. Therefore, mailbong requires
that a unique ID be assigned to each ray bundle. After an interseon test,
the primitive is marked as already intersected by assigning theurrent ray
bundle ID to the primitive.

Unnecessary tests can now be avoided by performing a simple cheefobe
every potential primitive intersection: If the current ray bundle ID matches
the ID assigned to the primitive candidate, an intersection tesbetween the
ray bundle and the primitive has already been performed ancan therefore
be omitted.

Scene | Conference| VW Beetle | Soda Hall
| Ops/Bundle without MB || 6.99 8.17 4.25

| Ops/Bundle with MB 5.97 5.45 3.68
Reduction 14.59% 33.29% 13.41%

Table 4.4: Average number of intersection tests pe&rf£ 4 ray bundle with

and without standard mailboxing. Applying mailboxing can sal3; 33% of

intersection tests. If the cost for intersection is signi antly larger than the

cost of traversal, the reduced amount of intersection testan largely enhance
ray tracing performance.

Table 4.4 shows that for the three example scenes, mailboxindoals for
reducing the amount of intersection tests per bundle betwee3il 33%, which
directly corresponds to the amount of multiple intersectionsThe impact of
mailboxing depends largely on the occlusion within the scenadithe quality
of the corresponding kd-tree.

As an additional ray bundle ID is required per primitive, the sandard
mailboxing requires a separate look-up table with a size equalthe number
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unsigned int mbox[NUMBER_OF_PRIMITIVES];

inline void MarklIntersection(const unsigned int trild,
const unsigned int rayld)
{ mbox]trild] = rayld; };

inline bool Alreadylntersected(const unsigned int trild,
const unsigned int rayld)

{ return mbox]trild] == rayld; };

Figure 4.19: An example implementation for standard mailkong. The
'mbox’ look-up table stores for each primitive the last rayubhdle ID (‘rayld’)
with which an intersection test was performed. Prior to a poteiatl intersec-
tion, the primitive ID is taken to determine the entry locatbon and a compar-
ison between the current and the stored ray bundle ID is perfoeth If these
two IDs match, an intersection with this primitive has alredy been performed
and can therefore be omitted.

of primitives. Figure 4.19 shows an example implementation rfetandard

mailboxing. Unfortunately, this approach is suboptimal for arrent CPU

architectures because the mailbox entries are accessed at aimmndom

order, introducing a lot of L2 cache misses. A;D0Q 000 primitive scene
requires, for example, a mailbox look-up table of; 000 000 = 4 = 3:81 MB,

which is larger than any L2 cache. Only a fraction of the comete mailbox
can be held in the L2 cache and the probability that only the czhed mailbox
entries are accessed is rather low. Besides the actual cache msiskeding
entries out of the mailbox table into the L2 cache overwritepotential kd-tree

or any other required data. This can implicitly a®ect perfanance of other
components of the ray tracing algorithm.

Given the problematic cache behavior a more compact mailbdayout is
bene cial. Fortunately, statistical analyses have shown that dook-up ta-
ble with a size equal to the number of primitives is not mandaty because
a ray bundle typically accesses only a subset of all primitives dog ray
traversal. Therefore, a signi cantly reduced mailbox look+o table combined
with a hashing function has proven superior. The mailbox entrys found
by building a hash value with the primitive ID. Each mailbox erry stores
the ray bundle and primitive ID of the last intersection togetter. Prior to a
potential intersection, the ray bundle ID and the primitive ID are tested for
equality. Figure 4.20 shows an example implementation fixashedmailbox-
ing. Choosing a hash table size of a power of two allows for implenting
the hash function as a simple logicahnd operation.
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#define HASH_TABLE_SIZE 64
#define HASH_TABLE_MASK HASH_TABLE_SIZE-1

struct Entry
{

unsigned int trild, rayld;

h
Entry mbox[HASH_TABLE_SIZE];

inline bool AlreadyIntersected(unsigned int trild, unsig ned int rayld)
{
return mbox[trild & HASH_TABLE_MASK].trild == trild &&
mbox[trild & HASH_TABLE_MASK].rayld == rayld;

k

inline void Marklintersection(unsigned int trild, unsigne d int rayld)
{

mbox[trild & HASH_TABLE_MASK].trild = trild;

mbox[trild & HASH_TABLE_MASK].rayld = rayld;
k

Figure 4.20: An example implementation for hashed mailbogy. Each mail-
box entry stores the ray bundle and primitive ID together. Thmailbox entry
is determined by hashing the primitive ID. As the size of theash table is
a power of two, the table entry is determined using a simplechfast logical
and operation. For testing if a primitive has already been intesected by the
current ray bundle, both the ray bundle ID and the primitiveD have to be
compared with the values of the mailbox entry.

The exciency of hashed mailboxing depends on the number of hasbl-
lisions during the traversal of a ray bundle. Collisions occur len the hash
values of di®erent primitive IDs map to the hash table entry. &rtunately,
the primitive IDs accessed during traversal are almost randombyistributed,
which results in an almost equal hash distribution. Therefore,rdy the size
of the hashed mailbox in°uences the number of collisions.

Table 4.5 illustrates the average number of intersection testger bundle
using hashed mailboxing with a varying hash table size. For allsescenes, a
hashed mailbox with only 64 or 128 entries provides almost thersa number
of intersection tests per £ 4 ray bundle ratio as a standard full-sized mailbox,

while only requiring 05 1 KB storage space. Because of an improved L2

cache behavior a hashed mailbox has been used as the defaultlbmi for
all measurements.
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Scene | Conference| VW Beetle | Soda Hall

Standard Mailbox 5.97 5.45 3.68

Hashed Mailbox 16 Entries | 6.14 (2.8%)| 6.02 (10.4%)| 3.79 (2.9%)
Hashed Mailbox 32 Entries | 6.06 (1.5%)| 5.77 (5.8%) | 3.76 (2.1%)
Hashed Mailbox 64 Entries | 6.03 (1.0%)| 5.61 (2.9%) | 3.73 (1.3%)
Hashed Mailbox 128 Entrieg| 6.00 (0.5%)| 5.52 (1.2%) | 3.72 (1.0%)

Table 4.5: Average number of intersection tests pdrf 4 ray bundle using
hashed mailboxing with a varying hash table size. A hashed bwadl with
only 64 or 128 entries ensure almost the same ratio (di®erengkless than
3%) as that of a standard full-sized mailbox. As a hashed rbaik with 128
entries requires only 1 KB storage space, the probability af cache miss
when accessing a mailbox entry is signi cantly lower thanahof a standard
mailbox.

4.4.5 Shading Coherent Rays

Supporting the excient bundling of coherent rays in a standat recursive
ray tracer can be very dixcult. Tracing bundles is not problenatic for pri-

mary rays because those are usually generated in a coherent mamnAlso,
the coherence of shadow rays traced from the rst hit point to aqnt light

is usually very high. The problem appears when handling secanrg rays,
especially recursive re°ected or refracted rays. For these kmaf rays, co-
herence between rays may be lost. Obviously, one could trace andle of
incoherent rays. The problem is that with incoherent bundle®nly a few
rays will be active during traversal, which is likely to o®sethe performance
benet of tracing bundles. Therefore, some kind of excient reguping will

be necessary.

In standard ray tracing systems the recursive evaluation of seadery rays
within a freely programmable surface shader is very common. &grouping
operation for secondary rays is dixcult to realize excientlyin software, be-
cause a recursive shader evaluation must be temporarily stoppeddrder to
insert a ray into the appropriate ray bundle, and it must be resteed once
the bundle has been traced.

One possible solution to this problem is to split the shading modeito a
programmable and a x function part. The programmable part & nes a ray
guery and transfers the query to x part. The queries for a conlpte bundle
are gathered and the x function part of the shaders traces ttme together as
a bundle. This approach only works for secondary rays which espawned
by the same surface shader [Benthin03].
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Woop et al. [WoopO05] proposed to handle di®erent shaders forigemn set
of intersections in a multi-pass way on a ray tracing hardwarerehitecture.
For each shader type, an individual pass is performed, exclugi intersec-
tions of di®erent shaders by masking. This approach does notlnde an
explicit regrouping of rays because it only groups and traceays from the
same shader in a bundle (even if the rays are incoherent). Therpthardware
approach makes it even possible to stop and restart recursive shadgalua-
tion without any performance losses. Even though the same appabacould
also be realized in terms of software, it is unclear how e®eetia software
implementation would be.

Even though several approaches for shading coherent rays exifr a
pure software system, an ezxcient algorithm for the regroupingfacoherent
rays and the design of an excient shading model for ray bundlesmains an
open guestion to this day.

4.5 Conclusions and Future Work

In summary, current CPU architectures allow for excient kd-tee traversal
if the corresponding implementation has been carefully adegul to the un-
derlying hardware. However, traversal implementation will b even faster if
future CPU architectures o®er a higher number of registers,ske deep exe-
cution pipelines to lower the impact of branch mis-predictios, as well as an
improved instruction set.

For the future, it will be very interesting to minimize the traversal and in-
tersection overhead for extremal traversal. If the overheadin be minimized
to a similar level as for standard traversal, extremal traversaWill be the
method of choice in terms of performance. Besides faster implentation,
the costs for extremal traversal are constant because they arel@pendent
of the number of rays within the bundle. This will be bene ciain the case
large bundles of coherent rays need to be traced, e.g. for iaaliasing by
super-sampling.
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Chapter 5

Coherent Ray Tracing for
Triangular Surfaces

Triangles are essentially the standard geometric representai for rendering
in computer graphics. As triangles are the standard primitivedr today's
graphics hardware, scene complexity is predominantly meagarin triangles.
Typical scene complexity for models used in the context of vl prototyp-
ing, ranges from several hundred thousands to millions of tngles.

As shown in Chapter 4, tracing coherent ray bundles instead of gjie rays
is the key factor for increasing traversal performance. SSEsinuctions, which
allow for excient traversal implementation in the context ofray bundles, can
also be applied to speed up triangle intersection.

In order to illustrate ray-triangle intersection algorithmsin the context of
coherent ray bundles, a small collection of triangular scenesve been used
(see Chapter 4).

Researchers proposed many algorithms for computing the ingection
between a single ray and a triangle [Glassner89, Badouel92, dkson97,
M@ller97, Shoemake98, Wald04]. Some of these algorithms riegwnly the
vertices of the triangle as input data, others rely on extra ggcomputed data
to ensure maximum performance. In the following sections, theplementa-
tions of two of these algorithms are presented in detail in theootext of ray
bundles.

This chapter starts with a presentation of the algorithm propsed by Wald
et al. [Wald04] in Section 5.1. In Section 5.2, a variation ahe Pluecker
test is proposed which has been adapted in order to handle ray rulles
exciently. Finally, Section 5.3 illustrates the e®ective ambination of fast
kd-tree traversal and intersection for ray tracing triangula scenes.
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struct TriAccel
{
/I plane:
float n_u; // normal.u / normal.k
float n_v; // normal.v / normal.k
float n_d; // constant of plane equation
int k; /I projection dimension

/I line equation for line ac

float b_nu;

float b_nv;

float b_d;

int padO; // pad to 48 bytes for cache alignment purposes

I/l line equation for line ab

float ¢_nu;

float c_nv;

float c_d;

int padl; // pad to 48 bytes for cache alignment purposes

Figure 5.1: Structure for storing the preprocessed triangldata. It contains
triangle data that is projected onto one of the three axisighed planes (the
corresponding dimension is indicated by parameter 'k'). Tén data block re-
lated to normal data is used for computing the intersectionisfance while
the two other blocks are used for computing the barycentrioainates. The
padding to a 48-byte size allows for a better cache accessepatt

5.1 Triangle Intersection |

A fast ray-triangle intersection test which can be ezciently inplemented
using SSE instructions was proposed by Wald et al. [Wald04]. THeasic idea
behind this test is to project the triangle into one of the thre axis-aligned
planes and to perform the computation of the barycentric cadinates in 2D
instead of 3D. This allows for reducing the number of operatis required.
In order to ensure maximum performance, the algorithm reliesn a small
amount of precomputed data (see Figure 5.1) for every triangl Relying
on this precomputed data basically avoids additional instruens for data
rearrangement, which can be costly using SSE.

The size of the precomputed data per triangle corresponds to #8tes,
resulting in a tolerable amount of 45.78 MB of additional premcessed data
for a typical one-million-triangle scene. Additionally, thesize of 48 bytes
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corresponds to 15 cache-lines for a 32-byte cache-line size, or t&/® cache-
lines for a 64-byte cache-line.

5.1.1 Implementation

Adapting the original algorithm [Wald04] for supporting fourrays in parallel
using SSE instructions is straightforward. Figure 5.2 shows axample im-
plementation for four rays. An implementation for 4£ 4 rays can be simply
achieved by sequentially performing the intersection codeuotimes.

A closer look at the code shows that extra shu2e operations are geired
to copy a single °oat value (from the corresponding preprocessé&dAccel
structure) to all SSE register elements at the beginning. Rephting the
TriAccel elements four times would allow for a more suitable aess but
would also result in a four times larger structure size. Additionlyy, this
would signi cantly increase the required memory bandwidth ash lower the
e®ect of caches, which is is not bene cial.

The rst sequence of instructions computes the distancdsbetween the
ray origins and the triangle plane using the precomputed norah data in the
TriAccel structure. As the distance computation involves a cosl division
and the subsequent instructions depend on the result, the implemntation
uses a Newton-Raphson iteration for computing the inverse. Thiallows
for reducing latency and for better interleaving of surrounihg instructions
(increased instruction level parallelism). The slightly less aarate result
compared to a real division is negligible.

Comparing the four distanced with the previous intersection distances
forms the rst potential exit point. Note that the exit is only t aken if the
comparison holds true for all four rays. This is an example foregision
coherence. The higher the coherence of the rays, the highee throbability
that all rays leave the code sequence at a given exit point.

The subsequent instructions basically compute the barycentricoordi-
nates and compare the results to the valid bounds for a triangll The second
and third exit points require the results of the barycentric ocordinate compu-
tation and are therefore located in the middle and at the endfahe algorithm.
After the fourth, and nal exit point the data for the four inte rsections is
updated according to the accumulated nal mask.

A size of 48 bytes and a data alignment that is a multiple of theache-
line size ensures that for accessing all required data only onecloe-line or
only a maximum of two cache-lines (per triangle) must be loade A detailed
discussion about the algorithmic details and the required prepcessing for
the intersection algorithm is given in [Wald04].
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TriAccel &acc = accelltrilD];

static unsigned int modulo[] = {0,1,2,0,1};

const unsigned int k = acc.k;

const unsigned int ku = modulo[k+1];

const unsigned int kv = modulo[k+2];

sse_t nd =_mm_add_ps(_mm_mul_ps(_mm_set_psl(acc.n_ujay4.direction.t[ku]),
_mm_mul_ps(_mm_set_psl(acc.n_v),ray4.direction.t[kv M;

sse_t f = _mm_add_ps(_mm_mul_ps(_mm_set_psl(acc.n_u),ay4.origin.t[ku]),
_mm_mul_ps(_mm_set_psl(acc.n_v),ray4.origin.t[kv])) ;

nd = _mm_add_ps(nd,ray4.direction.t[K]);

const sse_t rcp = _mm_rcp_ps(nd);

nd = _mm_sub_ps(_mm_add_ps(rcp,rcp),_mm_mul_ps(_mml rps(rcp,rcp),nd));

f = _mm_add_ps(f,ray4.origin.t[k]);
f = _mm_sub_ps(_mm_set _psl(acc.n_d),f);
f = _mm_mul_ps(f,nd);

sse_t mask = _mm_and_ps(_mm_cmpge_ps(_mm_load_ps(hitist),f),
_mm_cmpgt_ps(f,sse_eps));

if (_mm_movemask_ps(mask)==0) continue; // -- first exit p oint --

const sse_t hu = _mm_add_ps(ray4.origin.t[kul],
_mm_mul_ps(f,ray4.direction.t[ku]));

const sse_t hv = _mm_add_ps(ray4.origin.t[kv],
_mm_mul_ps(f,ray4.direction.t[kv]));

/I -- 'lambda’ stores first barycentric coordinates --

sse_t lambda = _mm_add_ps(_mm_mul_ps(hu,_mm_set_psl@b_nu)),

_mm_mul_ps(hv,_mm_set_psl(acc.b_nv)));

lambda = _mm_add_ps(lambda,_mm_set_psl(acc.b_d));

mask = _mm_and_ps(mask,_mm_cmpgt_ps(lambda, mm_setzgrs()));

if (_mm_movemask_ps(mask)==0) continue; // -- second exit point --

/I -- 'mue' stores second barycentric coordinates --

sse_t mue = _mm_add_ps(_mm_mul_ps(hu,_mm_set_psl(acc.u)),

_mm_mul_ps(hv, mm_set_psl(acc.c_nv)));

mue = _mm_add_ps(mue, mm_set psl(acc.c_d));

mask = _mm_and_ps(mask,_mm_cmpgt_ps(mue, mm_setzes€))j

if (_mm_movemask_ps(mask)==0) continue; // -- third exit p oint --

/Il -- compute 1 - 'lambda’ - 'mue' --

const sse_t finalMask = _mm_and_ps(_mm_cmple_ps(_mm_ad@s(lambda,mue),

sse_one),mask);

const unsigned int intFinalMask = _mm_movemask_ps(finalM ask);

if (intFinalMask==0) continue; // -- fourth exit point --

/[ => hit4 updates ...

Figure 5.2: Implementation of the triangle test by Wald et a[Wald04] for
testing four rays against one triangle using SSE instructien The algorithm
relies on a small structure of precomputed triangle data. Enefore, it requires
only a small number of instructions.
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5.1.2 Discussion

If one has a closer look at the algorithm from Figure 5.2, it bemes evident
that the intersection algorithm discards a triangle on the basi of two tests:

Distance Test: The test checks if the potential intersection distance is in
a valid range. If for all rays, the intersection distance to theriangle
plane is greater than the last valid intersection distance, thériangle
can be excluded from further processing.

Inside Test: The test checks if the rays within a bundle pierce the triangle
at all. For the algorithm shown in Figure 5.2, this is done by amputing
the barycentric coordinates and testing them to determine wdther
they are in a valid range. If the barycentric coordinates foall rays
are outside the valid range, the triangle can be excluded frofarther
processing.

The inside test takes place very late in the algorithm (essentiglat the
last exit point), compared to the distance test. Table 5.1 showse average
probabilities for the distance and inside test, together withhie probabilities
for a full test execution. All test scenes are rendered at a resalomn of
1024£ 1024 and with a bundle size of8 4 rays. A given ray bundle is divided
into four-ray bundles, each four-ray bundle being processeddimidually.

Only 20 % to 28 % of all ray bundle tests require a full executioof
the test. Moreover, 52 % to 68 % of all tests leave execution atdhexit
points related to the inside test, while only roughly 18 % (or k&s) exit at the
distance test.

Scene | Conference| VW Beetle | Soda Halll
Distance Test Exit % || 17.99 13.05 19.30
Inside Test Exit % 61.98 68.90 52.32
Full Test % 20.03 18.05 28.38

Table 5.1: Average probability for exiting at the distancend inside test as
well as for performing the full test execution. The three exgle scenes are
rendered at a resolution ofL024£ 1024 with 16 rays per bundle, casting only
primary rays. Approximately 20 % to 28 % of all four-ray bundlmtersection
tests require a full test execution. Between 52 % and 68 % dftakts exit at
the inside test and therefore miss the triangle completely.

Moreover, a certain amount of the early exits performed by # distance
test can be handled by the inside test, as shown in Table 5.2. Théwee, the
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actual number of full test executions is only moderately ineased. Given
these ratios, it would be bene cial to perform (if possible) theniside test in
a rst step, and the distance test as a second step.

Scene | Conference| VW Beetle | Soda Hall

Full Test (with DT) % 20.03 18.05 28.38
Full Test (without DT) % || 26.26 20.64 32.76

Table 5.2: Probability of full test execution with and withd a distance test.
Removing the distance test results in an only moderately reased number of
full test executions.

5.2 Triangle Intersection Il

An intersection test which is able to quickly perform the inside d@st rst
is the so-calledPluecker test [Erickson97, Shoemake98]. Instead of using
barycentric coordinates for the inside test, the Pluecker testlies on testing
the relations between a ray and the triangle edge(s).

The Pluecker test takes advantage of the properties éfluecker coordi-
nates [Shoemake98], which will be brie°y described in this sectionEach
directed line which uses 3D coordinates can be represented D Bluecker
space. Given two 3D pointsA and B, the corresponding lineL in Pluecker
space isde ned a& =[Aj B;AE£ B], where£f refers to a cross product. For
a directionD and an originO, the lineL isde ned asL =[D;D £ O]. A very
useful operation concerning the relation of lines in Plueckspace is the so-
calledinner-product. The inner-product de nes how two lines pass each other
in space. For two linesLg = [Up; Us] and L1 = [ Vp; V4], the inner-product is
denedasLo o lL; = Uy eV, + U &V, wherea refers to a standard dot
product. If the result equals 0 the lines intersect, while a nagjve (positive)
result indicates that the lines pass clockwise (counterclocise).

A triangle intersection test using Pluecker coordinates is stightforward.
By expressing the ray and all three triangle edges as Plueckands, a ray-
triangle intersection criteria is de ned as follows: a ray ir¢rsects the triangle
if the inner-products between the ray and all edges have thersa sign. Note
that the inner-product uses only multiplications and additons, allowing for
an ezxcient implementation by SSE instructions.

In the following, a slightly modi ed version of a Pluecker tests presented.
Assuming all rays within the ray bundle share a common origin, onean
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further optimize the original algorithm [Shoemake98]. Thyugh transferring
the ray origin to the origin of the coordinate system (by subtraiing the
origin O from the triangle verticesA and B), the inner-product between the
ray R = [D;D £ O] and the triangle edgeE =[Aj B;A £ B] is simpli ed
to

RoE

De((Aj O£((Bj 0)+DE£(Oj O)u((Ai O)i (Bj 0)
Da((Aj O)E£E(Bj 0)+0=(Aj B)
Da((Aj O)£ (B 0))

Having a common origin per ray bundle, e.g. for primary rays ofor
shadow rays to a point light, allows for exciently amortizingthe computation
costsfor Aj O)£ (Bj 0) (and the required computations for the remaining
two edges) over all rays within the bundle. The actual inside & for a four-
ray bundle can be performed simply by evaluating three dot pructs using
SSE instructions.

In order to obtain the intersection distanceg, the following equation has
to be evaluated after the edge tests:

Na(Aj O)

t =
DaN

whereN is the triangle normal. AsN @ (A O)is xed for the whole bundle
it can also be precomputed. Note that the normaN of each triangle can be
precomputed and stored as preprocessed data during scene deamt On

the other hand, one can omit the preprocessing and compute akaessary
data on the °y. In terms of changing vertices, e.g. for dynamianimation,

this approach can be more excient than carrying out an extraggprocessing
step.

5.2.1 Implementation

A simpli ed implementation of the intersection algorithm is stown in Fig-
ure 5.3. Thelnit function is used for precomputing all edge and normal data
for the whole bundle. The actual intersection code starts withthe compu-
tation of three dot products. The corresponding signs for all ttlee edges
are compared for equality. If no ray indicates a valid intersgion, no bit is
set in the mask value, and the next ray bundle is processed. If at least one
ray has a valid intersection, the execution continues with # computation
of intersection distances. The look-up into thesseMaskTabletable loads a
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/I -- precomputed per bundle --
SSEVec4 v0_cross, vl _cross, v2_cross, normal;
sse_t nominator, triNum;

inline void Init(const R3 &a,const R3 &b,const R3 &c,
const R3 &origin,int id)
{

vl cross = (b-origin)(a-origin);
v2_cross = (a-origin)”™(c-origin);
v0_cross = (c-origin)*(b-origin);
const R3 n = (c-a)*(b-a); normal = n; // convert R3 -> SSEVec4
nominator = _mm_set _psl(n * (a-origin));
triNum = _mm_set_psl1(*(float *)&id);
}
inline void Intersect(const SSERay4 *ray4,SSEIntersecti on4 *hit4)
{
for (unsigned int i=0;i<BUNDLES;i++) {
const sse_t vOd = Dot(vO_cross,ray4][i].direction);
const unsigned int vOs = _mm_movemask_ps(v0d);
const sse_t vid = Dot(vl_cross,ray4[i].direction);

const unsigned int vls = _mm_movemask_ps(v1d);
const sse_t v2d = Dot(v2_cross,ray4[i].direction);
const unsigned int v2s = _mm_movemask_ps(v2d);

const unsigned int mask = (v0Os & vls & v2s) |
((vOs™Oxf) & (v1s™Oxf) & (v2s™Oxf));

if (mask > 0) {
const sse_t dist = _mm_mul_ps(nominator,

Inverse(Dot(ray4[i].direction,normal)));
sse_t finalMask = *(sse_t*)&sseMaskTable[mask][O];
const sse_t vol = Inverse(_mm_add_ps(_mm_add_ps(v0d,vld ),v2d));
finalMask = _mm_and_ps(_mm_cmple_ps(dist,*(sse_t*)hit  4]i].dist),

finalMask);
finalMask = _mm_and_ps(_mm_cmpge_ps(dist,EPSILON),finalMask);
const sse_t lambda = _mm_mul_ps(v0d,vol);

const sse_t mue = _mm_mul_ps(v2d,vol);
/I => update intersection structure: hit4][i]

Figure 5.3: A reliable triangle intersection test based onléecker coordinates
adapted for ray bundles with a common origin. A triangle carelpruned early
by performing only three dot products (one for each edge) mgiprecomputed
data. The cost for preprocessing Pluecker coordinates foll @hree triangle
edges is amortized over the ray bundle.
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binary SSE mask. Each of the four lowest bits is replicated 32nties in the
corresponding register element: If, for example, the lowesttlaf four bits is
set, the lowest element of the SSE register will be set txfoffffff , and
to 0x00000000 otherwise.

The results of the inner-products can also be used to obtain thextycen-
tric coordinates. The three results correspond to the homogemes barycen-
tric coordinates. In order to determine the nal coordinatesa division by
the sum of all three coordinate values has to be performed. Notieat the
division does not need to be performed every time, but only oaat the end
of ray traversal. Note also that this requires all three coordiate values to
be temporarily stored and updated.

The actual computation of intersection distances could also lwne with-
out an inverse operation. The three barycentric coordinates; v; w and the
triangle verticesV ertexA, V ertexB, and V ertexC allow for easily determin-
ing the intersection point P (u; v; w):

P(u;v;w) = VertexAou+ VertexBav+ VertexCaw

The intersection distance is the projection along the direatin of the ray:

distance = ray:direction & (P (u;v;w) j ray:origin)

Unfortunately, the approach of computing the distance by prajction
along the direction is a few percent slower than computing thdistance by
division because of the increased number of instructions reged. The ma-
jor advantage of the division-free approach is that it exclugely relies on
multiply-add sequences which might be bene cial for futurerahitectures.

5.3 Results

Accurately determining run-time costs in CPU cycles for the derent trian-
gle intersection algorithms is dixcult because of the varyingarly exit point
probabilities. For the example scenes shown in Figure 4.17, &®& cost cat-
egories have been de ned. The rst one measures the cycles Lati early
exit with respect to a triangle test occurs, the second one correspls to a
full test execution, while the third one represents the averagcost based on
the probability distribution of the exit points for the parti cular view.

Table 5.3 presents the cost for all three categories with respée a bundle
of 4£ 4 rays. The numbers in parentheses correspond to the amortized
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Intersection Test || Miss Triangle | Full Execution | Average
Projection (cycles) || 420 (26.25) ‘ 620 (38.75) 480 (30)

Pluecker (cycles) | 310 (19.38) | 590 (36.88) 385 (24.06)

Table 5.3: Triangle intersection cost in CPU cycles for di®emt execution
scenarios. All costs are measured for a bundle @b ray, the numbers in
brackets correspond to the amortized costs per ray. The rst miber gives
the cost if all rays miss the triangle, the second if all rays hihe triangle.
The third takes the probability distribution of exit pointsnto account.

cost per ray. Note that for the Pluecker test, the cycle cost inclies the
preprocessing step.

If the probability that rays miss the current triangle is high, the Pluecker
test is able to play o® its strength. Depending on the view and se® an
average speedup of up to 25% (for the triangle test) can be ackee compared
to the test by Wald et al. (see Section 5.1). Note that the total spedup of
the core ray tracing performance lies typically between 2 10%, because
intersection computations take only a certain part of the tine (see below).
However, for most scenes, the Pluecker intersection test is the fast for
coherent bundles and is therefore used as the default test faayrtracing
triangular scenes.

One could further optimize the Pluecker test by not executinghe test
per triangle but by executing it rst for all edges and later reising the results
for the triangles. If the ratio of shared triangle edges is higha signi cant
amount of operations can be saved.

Applying an edge-based intersection has the additional advaage of be-
ing reliable in the intersection decision. Due to numerical stabilities an
intersection test which relies on the comparison of barycentricoordinates
can produce wrong results at edges of adjacent triangles. Inighcase, the
test returns a wrong miss which can result in visible artifacts. Andge-based
test that uses a xed order of edge vertices is non-ambiguousdatherefore
reliable.

Combining the techniques for traversal of coherent ray bund$ from
Chapter 4 with the fast triangle intersection tests for ray buntes allows for
easily achieving interactive ray tracing performance evema single desktop
PC. Table 5.4 illustrates performance statistics using a commiyl 2.2 GHz
Intel Pentium-1V PC.

Tracing ray bundles allows for achieving interactive perfmance even on
a single CPU system. Applying performance analysis with VTune to th
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core ray tracing algorithm shows that roughly 60% of the timesi spent on
traversal, while 40% is spent on intersection tests. Good kd-treatry points
reduces the required traversal steps per bundle by up to 50%. dReing the
number of required traversal steps per bundle shifts the traveal/intersection
ratio to 40% for traversal and 60% for intersection. This illugttes that the
intersection test is now becoming the limiting factor. Furthe speed opti-
mization should therefore concentrate on speeding up triarggintersection.

Scene (102£ 1024) | Conference| VW Beetle | Soda Hall
Without Entry Point Search (fps) | 3.100 3.150 3.432
With Entry Point Search (fps) 4.052 3.556 3.854
Speedup 30.71% 12.8% 12.29%

Table 5.4: Performance statistics for triangular scenes mglered at a reso-
lution of 1024£ 1024 with a ray bundle size o#4 £ 4. All tests were run
on a commodity 2.2 GHz Intel Pentium-IV PC, casting only prirary rays.
The st row illustrates performance statistics without appling kd-tree en-
try point search, while the second row takes advantage ofrgrnpoint search.
Even though the entry point search exciently reduces the geed number of
traversal steps perd £ 4 bundle by up to 50%, the total performance gain
is rather small (between 12-30%). The reason for this is thahe triangle
intersection is more and more becoming the bottleneck: Fortgpical scene,
60% of the ray tracing time is taken up by traversal while 40% taken up
by intersection.

Due to the fact that a resolution of 102£ 1024 yields 65536 ray bundles of
the size £ 4 and each bundle requires an average of:89 (conference scene)
traversal steps without applying entry point search, the requed memory
bandwidth for kd-tree nodes is 6553@& 3949 & 8 = 19:745 MB/frame. Ap-
plying the kd-tree entry point algorithm cuts down the numbe of traversal
steps to 50%, reducing the bandwidth accordingly.

For the intersection tests, the 65536 ray bundles require an aage band-
width of 6:06 times the size of the triangle intersection data. Applying té
test proposed by Wald et al. [Wald04], requires 48 bytes of pr@mputed data
per triangle. This results in a total bandwidth of 655362 6:06 & 48 = 18:18
MB/frame. Therefore, the total required bandwidth of extenal data sums
up to 37:925 MB/frame. Most of these bandwidths ¥ 90% percent) can be
compensated for due to the multi-level cache hierarchies afircent CPUs,
which yields an external memory bandwidth of less than 4 MB/fime.
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5.4 Conclusions and Future Work

Section 5.3 showed that the combination of excient traversakd-tree entry
point search, and triangle intersection for ray bundles allosvfor achieving
interactive ray tracing even on a single CPU. All tests were run oa 2.2 GHz
Intel Pentium-1V processor, more recent CPU versions will thefore achieve
even better results.

As fast ray bundle traversal increases the impact of triangle iatsec-
tion on the core ray tracing performance, a triangle interséion test for ray
bundles has been proposed that exciently prunes non-intergew triangles.
For future implementations, it might be necessary to further sped up the
intersection test for coherent ray bundles.

A promising approach to this problem could be to store the triagle ge-
ometry as small index face sets instead of individual triangledn the case
a ray bundle enters a leaf, a fast side test, e.g. a Pluecker testowid rst
be performed for all edges. In a second step, the results of the edgsts
would be passed to the actual triangle test. Given the high prolbdity of
shared edges within a kd-tree leaf, the total amount of openans per leaf
could be reduced. Moreover, the side test would ensure high insttion level
parallelism, because no dependencies exist between the compioh of dif-
ferent edges. In terms of implementation, a kd-tree leaf walihot only store
references to triangles but additionally references to aingle edges.



Chapter 6

Coherent Ray Tracing for
Freeform Surfaces

Almost all CAD systems and design tools rely on freeform surfaces suhB-
Splines, NURBS, or subdivision surfaces for representing 3D surfacélow-
ever, almost all commercial ray tracing systems tessellate fregh surfaces
into simpler geometric primitives, e.g. triangles. The tesseli@an process is
usually applied before the actual rendering process starts. Tekagon it-
self, and therefore the increased amount of scene data, is ofteonsidered
acceptable because ray tracing is known for its logarithmicelhavior in scene
complexity.

In Chapter 5, it has been shown that interactive ray tracing omommodity
hardware is possible even when dealing with millions of triafesp. It is thus
legitimate to ask why freeform surfaces should be ray traced dotly. The
answer to this question is simple: Tessellating freeform surfade® triangles
has serious drawbacks:

Scene and Storage Complexity:  The amount of required storage space
for tessellated triangles is orders of magnitudes higher thafior the
original freeform data.

Accuracy: Tessellation can be seen as producing a snapshot of the freeform
data with a given accuracy. Unfortunately, the accuracy carot easily
be changed afterwards.

Preprocessing Cost: Tessellation itself and the preprocessing steps required
later on, such as the construction of spatial acceleration striwres, re-
quire a signi cant amount of time, slowing down the rendering ark°ow
and thus the interaction with the scene.
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As a consequence, direct ray tracing of freeform surfaces is é&s@ng more
and more important. Unfortunately, almost none of the existingapproaches
has ever targeted interactivity, resulting in a limitation to o®-line systems.

The industrial standard representation for freeform surfaces@ NURBS
(Non Uniform Rational B-Splines). Even though NURBS surfaces allow
a very compact representation of freeform surfaces, see [FolEyGhe core
operations such as surface evaluation, surface subdivision, wex hull com-
putation, etc. are very complex and costly when directly usinlURBS sur-
faces. As these operations are essential for a ray-surface intetisectest,
their cost easily dominate the total intersection cost.

In order to provide simpler and less costly core operations, theiginal
NURBS representation has been converted into a bicubic B&zierpresen-
tation by performing knot insertion [Piegl97, Farin96, Folg97] and degree
reduction [Piegl97, Farin96]. In the case a NURBS surface is noational,
it can be represented by a set of B§zier surfaces of the same degmith-
out loss of accuracy. Applying degree reduction by recursive dlilsision of
higher degree B®zier surfaces causes some loss of accuracyhisuis usually
negligible in the context of visualization. However, as compad to trian-
gles, B®zier surfaces are the method of choice when it comesgpresenting
smooth surfaces.

In the context of B®zier surfaces, the ternsurface typically refers to a
compound set of B®zier patches. As B®zier patches are the basimitive,
only this type will be considered in the following.

In order to achieve a compromise between °exibility, loss of aaracy,
and implementation exciency, a ( xed) patch degree of thregbicubic) for
B®zier patches is chosen (see Section 6.1). As a single NURBS sarfgpi-
cally converts to an entire set of B§zier patches, the convessiincreases the
amount of data required for representing the surface. Howevetpmpared
to the conversion into triangles, storing bicubic B&zier pales requires less
storage space: The higher the curved shape of a patch, the moreamgles
are required for an accurate approximation.

The format chosen for storing the sixteen control points of a bibic Bgzier
patch is the SSE-suitable SOA format (see Figure 6.1). Storirthe control
point matrix in the SOA format using single precision °oating pmt values
requires 192 bytes in total, which allows for e®ectively siog one thousand
patches in less than 200 KB.

Before addressing the problem of interactive ray tracing sceneonsist-
ing of many bicubic Bgzier patches, the fundamentals of Bge curves and
patches will be presented in Section 6.1. Section 6.2 to Secti6.6 will be
dealing with the di®erent approaches for a ray-patch intersgon algorithm
and the extension for supporting bundles of rays. Section 6.7 ggents a
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struct SSEVec4 {
sse_t t[3]; // SOA format: xxxx, yyyy, zzzz

3

struct BicubicBezierPatch3D {
SSEVec4 p[4];
k

Figure 6.1: Storing the 16 control points in the SSE-suitable SOA format,
requiring a total of 192 bytes (using single precision °oating point accuracy).

detailed comparison of all approaches. Building spatial indestructures for
exciently handling scenes consisting of many B®zier patcheslivbe the fo-
cus of Section 6.8. Section 6.9 brie°y describes how trimmirayurves are
integrated into the intersection algorithms. Finally, Secton 6.10 will give
performance statistics for all presented algorithms using a set st scenes.

6.1 Bézier Fundamentals

The fundamental basis for Bgzier curves and surfaces are @ernstein poly-
nomials [Piegl97, Farin96, Foley97]. Bernstein polynomials are deed as:

TR
n (u.a)i(b

B (u) = i bi a bli

;)”‘ u2[a b (6.1)

Usually the Bernstein polynomials are de ned over the unit inteval [0; 1]
which simpli es the de nition to:

TR

Bl(w= u@i w"itu2[o;1] (6.2)
These polynomials work as blending functions between the egror patch
control points. Bernstein polynomials have important propdies that will
translate directly to the properties of Bg§zier curves and &4jer patches [Piegl97,
Farin96, Foley97] later on. In the following, a brief ovenaw of the most use-

ful properties is given:
2 Non-negative over domainB{*(u) , O;u 2 [a; 4

P
2 Partition of unity: oBMu)=1;u2ah
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2 Recursive de nition: B(u) = ( Z-2)B" *(u) + ( §-2)B/} 1(u)

2 Derivatives: (BM(u))”= n(Bli{(u) i B *(u))

For example, the Bernstein polynomials of degree three are ded by
the following four equations:

B5(u) = i gﬂ @i ud=@1i u?’ (6.3)
Bi(u) = i fﬂul(li w?=3u(lj u)?

B5(u) = i 2ﬂu2(1i u)'=3u*(1i u)

s = gﬂusai 0= U’

For exciency reasons it is not advisable to evaluate these funchs via
their recursive de nition, but to use the compact form of Equaibn 6.3.

6.1.1 Bézier Curves

B®zier curves of degree are de ned over a set of control pointéP;;0- i - ng
which de ne the shape of the curve. The basis functions of Bgeicurves are
the Bernstein polynomials, resulting in the following curve daition:

pn _Pn n D n
(W= L, BY (WP ;P 2R

The control points P; are usually elements oR? or R3. A single bicu-
bic Bgzier curve (see Figure 6.2) can therefore be excientlgpresented by
4 o 2 o 4 =32 bytes using single precision °oating point values. The poly
gon de ned by the control points is calleccontrol polygon

As using Bernstein polynomials are used as the basis functions, zif
curves inherit some useful properties:

2 Convex Hull: The inherited properties of non-negativity (and the par-
tition of unity) cause any point of the curve to be inside the covex
hull of the curve control points.

2 Interpolation of start and end point: The curve will pass through the
start and end points de ning the curve, e.gP"(0) = Py and P"(1) =
Pn-
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Figure 6.2: A bicubic B®#zier curve de ned by four control pofs.

2 Variation Diminishing Property: A line or plane does not intersect the
curve more often than the polygon de ned by the control poirs.

2 Atne Transformation: The curve is invariant under atne transforma-
tion (realized by transforming the control points), meaning hat it does
not change its shape.

The convex hull property will prove very useful later on becae various
intersection algorithms use it as an excient pruning test: If aay does not
intersect the convex hull of the curve, it cannot intersect theurve itself.

Apart from their inherited properties, B&zier curves own ezient algo-
rithms for subdivision, re nement, and evaluation. The most ppular algo-
rithm which handles all three tasks was presented bge Casteljau[Piegl97,
Foley97]. This iterative algorithm is based on the atne combation of con-
trol points. Let

P’=P;0- i-n
the next set of control points is determined by

Pl=@i wPlit+uP';1-j - no-i+j-n
for a parameteru 2 [0;1]. Figure 6.3 illustrates the properties of the de
Casteljau algorithm: Point Pg corresponds to the evaluation of the Bgzier
curve at parameter valueu. Control points P} ;0- j - n de ne the control
points of the left sub-curve, whileP} ;0 j - n;i+j = n dene those of the
right sub-curve of the original curve subdivided at parameteu. Through
continuous subdivision, the corresponding control polygon oeerges to the
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Figure 6.3: Left: Applying the de Casteljau algorithm for a bubic B§zier
curve P(u) with u = 0:5. P{ corresponds to pointP(0:5). PJ;0- j - 3
de nes the control points of the left sub-curve®! ;0 j - 3;i+j =3 those
of the right sub-curve. Right: The de Casteljau algorithmlilstrated as a
triangular scheme of linear combinations.

curve itself and can therefore be used (following a suzcient nurer of subdi-
visions) as an approximation. This process is often referred &sre nement.

6.1.2 Bézier Patches

A B®zier patch is a surface extension (tensor product) of a Bz curve. It
is constructed fromn £ m control points fP; ;0- i- n;0- j - mg using
products of two univariate Bernstein polynomials as blendip functions. A
B®zier patch is de ned as a two-dimensional parametric fution:

P(u;v) = Pn Pm BM"(u)BM™(V)P; ;P; 2 R"
V)= =0 j=0 Bi j i 3P

A bicubic B®zier patch (see Figure 6.4) with its £ 4 = 16 control points
de ned in R® can be exciently represented by 16 3 o 4 = 192 bytes using
single precision accuracy.

Similar properties as for B®zier curves also hold for Bgzieatches: Pqo,
Pon, Pmo, Pnm are on the patch surface, the patch lies in the convex hull ofsit
control points, and the patch is invariant under atne transfomation. The
de Casteljau algorithm for B§zier patches works similar to thone for B§zier
curves, with the exception that the algorithm can be appliedd either one of
the two parametric directions (see Figure 6.3).
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Figure 6.4: A bicubic B§zier patch de ned by it46 control points. Note that
Poo,Po3,P30, and P33 lie on the surface itself.

In certain cases, it is useful to represent the B®zier patch insitmatrix
representation. For a bicubic B§zier patch, this represertian is de ned as:

P(u;v) = U'BTPBV (6.4)
2 3 2 3 2
ud T Poo Poi Po2 Pos V3
- g u? é BT Pio P11 P12 P13 é Bg v2 é
u Poo P21 P Pas \'
1 Pso P31 P32 Pz3 1

2
il 3 31
_ 3 {6 3 oé
B 33 0 0 (6.5)
1 0 0 O

If the control points are known not to change, the Bernstein ntaix B can
be multiplied to the control point matrix, resulting in

2 .32 . 32

u Poo Por Poz Pos %
- g u? é Pio P P, Pr3 Zg v? Z
u Px Pz Px Pz A

1 Pxo Pai P P 1
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The evaluation of P (u;v) through the application of the new matrix P;’
requires only multiplication (from left and right) with the two vectors UJr
and V. This allows for a more excient implementation. In the same maner,
the degivatives can beg,determined by simply replacing the vew UT by
UT="3u2 2u 1 0 ,respectivelyV by V’.

6.2 The Ray-Patch Intersection Problem

Testing for a valid intersection between a ray and a bicubic Efer patch
is a signi cantly more complex operation than a ray-triangleintersection
test. In the last two decades researchers have proposed many agmhes
for solving the intersection problem. In the following, some dhese will be
brie°y discussed.

Nishita et al. [Nishita90] described an iterative algorithm ca#d B®zier
clipping (see Section 6.6) to compute ray-patch intersections by idefyting
and cutting away regions of the patch, which are known not tantersect the
ray. Campagna et al. [Campagna97] later solved inherent nuneal issues of
the original algorithm and proposed algorithmic optimizatons.

Martin et al. [Martin00] presented a framework for integrathg ray tracing
of trimmed NURBS into existing rendering architectures. The frenework
can be easily transferred for handling bicubic Bgzier patchenstead of the
original NURBS. A numerical approach calledNewton iteration was chosen as
basis for intersection computation. Newton iteration (see Saon 6.4) allows
for quickly converging to a solution if the starting values arsuzciently close
to the correct solution. Martin et al. used a spatial subdivision sticture for
each patch to ensure a suzciently close starting values.

Wang et al. [Wang01] combined Newton iteration with B®zier lipping
and used the coherence of neighboring rays to speed up Nishitaiggimal
algorithm by roughly a factor of three. Unfortunately, the agjorithm requires
additional data structures to prevent wrong results through eusing the data
of neighboring rays.

Sweeney et al. [Sweeney86] concentrated on speeding up ragcitng of
B-Spline surfaces by basing the initial guess of the Newton itd¢ian on the
intersection between a ray and the suzciently re ned control rash.

Researchers have also proposed dedicated hardware designsafptracing
freeform surfaces. Lewis et al. [Lewis02] presented a design ofigejined
architecture for ray-patch intersection. The design is too obkely related to
custom hardware to be bene cial for a software approach. Furémmore, its
main target was to serve as a proof of concept, and not to prowda high
performance solution.
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Parker et al. [Parker99b] implemented a realtime ray tracig system using
a massively parallel approach (a large shared-memory supercartgy). The
system also supported B®zier patches, while using Newton iteratifor ray-
patch intersection.

To sum it up, all approaches so far more or less have been focusedaon
general implementation and have never explicitly targetelligh performance.
Furthermore, the corresponding algorithms were neither degied nor imple-
mented with respect to the underlying processor architectureausing major
performance penalties.

Approaches designed exclusively to the underlying hardware \ebeen
proposed by Benthin et al. [Benthin04] and Geimer et al. [Geien05]. Both
methods have been optimized to achieve interactive perfoamce on a single
CPU (see Section 6.3 and Section 6.4).

In the following, intersection algorithms considered suitabl for fast im-
plementation will be discussed in detail. Bottlenecks, perforamce issues
and, in particular, coding guidelines for an implementatio using SSE in-
structions will be presented. Moreover, it will be shown that, dpending on
the algorithm, the approach of performing intersection comgation for a
bundle of rays in parallel (see Chapter 5) is also bene cial ihé context of
bicubic Bgzier patches.

6.3 Uniform Re nement

As a basis for the rst ray-patch intersection algorithm, a simplee nement-
based approach is chosen. Re nement allows for easily contiral approxi-
mation accuracy and, in particular, isolating the spatial loation of the inter-
section. The re nement-based intersection thus relies on thelfowing core
operations:

Pruning: A conservative and simple pruning test is used to decide whether
the ray can intersect a given patch or not.

Re nement: A re nement step subdivides a given patch into a set of (usu-
ally two to four) child patches.

Final Intersection:  When reaching the maximum re nement level, an in-
tersection test with an approximate representation of the cuant patch
is performed.

Instead of adaptively re ning the patch, a maximum prede nedre ne-
ment level is used. It may seem that introducing the additionalvork of
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BicubicBezierPatch3D patch; // current active patch
Stack stack; /I patch stack
int depth = 0;
while(1)
{
while(1)
{
if (Prune(patch)) break;
if (depth == MAX_DEPTH)
{
Finallntersection(patch);
break;
}
if (depth % 2)
patch.RefineHorizontal(child0,child1);
else
patch.RefineVertical(childO,child1);
depth++;
patch = childO;
stack.push(child1,depth);
}
if (stack.empty()) break;
stack.pop(patch,depth);

}

Figure 6.5: Pseudo C++ code for intersection based on threeore opera-
tions for uniform re nement. The parametric direction for the re nement
operation is determined by the current re nement depth.

re ning the patch to a xed prede ned level is not as clever asvoiding
the work by adaptive re ning, but it makes the previously reqired crack-
handling and adaptivity tests obsolete. The main ditculty of this approach
is to chose the right re nement level, see [Benthin04].

Figure 6.5 shows an example implementation for the completay-patch
intersection step. Note that uniform re nement does not requé additional
data structures. This makes the algorithm very memory-e+cien In the
following, the core operations will be discussed in detail.

6.3.1 Pruning Implementation

The pruning operation can be seen as the most important of all @ op-
erations, because it is the rst one in order and therefore the enapplied
most often (a pruned patch is never re ned nor intersected). Tezxciently
implement the pruning operation we represent the ray as the tersection of
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inline bool Prune(const BicubicBezierPatch3D &patch,
const RayPlanesSSE &plane)
{
unsigned int signsU = 0;
for (unsigned int i=0;i<4;i++)
{
const sse_t d = _mm_add_ps(_mm_add_ps(_mm_mul_ps(plan€u.t[0],
patch.pl[i].t[0]),
_mm_mul_ps(plane.Nu.t[1],
patch.p(i].t[1])),
_mm_mul_ps(plane.Nu.t[2],patch.pli].t[2]));
sighsU |= _mm_movemask_ps(_mm_sub_ps(d,plane.du)) << (&i);
}
if (signsU == Oxffff || signsU == 0) return true;

unsigned int signsV = 0;
for (unsigned int i=0;i<4;i++)
{
const sse_t d = _mm_add_ps(_mm_add_ps(_mm_mul_ps(plandy.t[0],
patch.p[i].t[0]),
_mm_mul_ps(plane.Nv.t[1],
patch.p[i].t[1])),
_mm_mul_ps(plane.Nv.t[2],patch.p[i].t[2]));
signsV |= _mm_movemask_ps(_mm_sub_ps(d,plane.dv)) << (&i);
}
if (signsV == Oxffff || signsV == 0) return true;
return false;

Figure 6.6: Fast pruning test by testing the signs of contrpbint distances to
the two ray planes. If the sixteen signs match, all control ipts lie entirely
in one half-space determined by one of the ray planes, and toeresponding
patch cannot be intersected by the ray.

two orthogonal planes [Sweeney86, Woodward89]. The distanof all con-
trol points to both planes are computed yielding 2D coordirtas. If all 2D
coordinates lie entirely in one half-space (with respect to aedain plane),
the ray cannot intersect the corresponding patch because of tikenvex hull
criteria.

The projection of control points can be realized via a sequen®f dot
products. SSE instructions allow for performing four dot prodct operations
in parallel. For the entire patch, this results in only 12 par#iel multiplications
and 12 parallel additions plus 1 instruction for obtaining tte sign bits for each
plane (see Figure 6.6).
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inline void RefineVertical(BicubicBezierPatch3D &patch 0,
BicubicBezierPatch3D &patchl)
{
static const sse_t half = _mm_set ps1(0.5f);
patch0.p[0] = p[O];
patchl.p[3] = p[3];
patch0.p[1].t[0] = _mm_mul_ps(half,_mm_add_ps(p[0].{ 0],p[1]-t[0D));
patchO.p[1].t[1] = _mm_mul_ps(half,_mm_add_ps(p[0].t 1],p[2]-t[1]));
patchO.p[1].t[2] = _mm_mul_ps(half,_mm_add_ps(p[0].{[ 2],p[1]-112]));
patchl.p[2].tf0] = _mm_mul_ps(half,_mm_add_ps(p[2].1 01,p[31-t[0D));
patchl.p[2].t{1] = _mm_mul_ps(half,_mm_add_ps(p[2].{[ 1],p[3]-t[1]));
patchl.p[2].tf2] = _mm_mul_ps(half,_mm_add_ps(p[2].{[ 21,p[3]-112]));
const sse_t pllx = _mm_mul_ps(half,_mm_add_ps(p[1].t[0] ,p[2]-.t[0]));
patch0.p[2].t[0] = _mm_mul_ps(half,_mm_add_ps(patchO0.  p[1].t[0],p11x));
patchl.p[1].tf0] = _mm_mul_ps(half,_mm_add_ps(patchl. p[2].t[0],p11X));
const sse_t plly = _mm_mul_ps(half,_mm_add_ps(p[1].t[1] ,p[2].t[1]));
patch0.p[2].t[1] = _mm_mul_ps(half,_mm_add_ps(patchO.  p[1].t[1],p11ly));
patchl.p[1].t[1] = _mm_mul_ps(half,_mm_add_ps(patchl. p[2].t[1],p11ly));
const sse_t pllz = _mm_mul_ps(half,_mm_add_ps(p[1].t[2] .p[2].t[2]));
patch0.p[2].t[2] = _mm_mul_ps(half,_mm_add_ps(patch0.  p[1].t[2],p112));
patchl.p[1].t[2] = _mm_mul_ps(half,_mm_add_ps(patchl. p[2].t[2],p112));
const sse_t p30x = _mm_mul_ps(half,_mm_add_ps(patch0.p[ 2].t[0],
patchl.p[1].t[0]));

patchO.p[3].t[0] = p30x;

patchl.p[0].t[0] = p30x;

const sse_t p30y = _mm_mul_ps(half,_mm_add_ps(patch0.p[ 2].t[1],
patchl1.p[1].t[1]));

patch0.p[3].t[1] = p30y;

patchl.p[0].t[1] = p30y;

const sse_t p30z = _mm_mul_ps(half,_ mm_add_ps(patchO.p[ 2].t[2],
patchl.p[1].t[2]));

patch0.p[3].t[2] = p30z;

patchl.p[0].t[2] = p30z;

Figure 6.7: Vertical patch re nement by applying the de Cadjau algorithm.
The original patch is subdivided into two sub-patches. Ndteat the algorithm
only relies on multiply-add sequences.

6.3.2 Re nement Implementation

The re nement operation itself is based on the de Casteljau aldthm [Foley97],
which splits the patch in half along a chosen parametric direicin (either 'v'
or 'u’) producing two re ned child patches. Alternating the paametric di-
rection at each re nement level ensures uniform re nement.
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Re nement in the 'v' direction operates mainly vertically, following the
most advantageous way. The operations performed for the de €aljau al-
gorithm are simple atne combinations of control points. The gorithm can
thus be very exciently implemented by using only 18 SSE addiins and 18
SSE multiplications, as shown in Figure 6.7.

Due to the restrictions of SSE in horizontal operations, re maent in the
‘u' direction is slightly more costly. Additional 'swizzling' operations need
to be inserted to operate horizontally.

6.3.3 Final Intersection Test

As soon as the nal re nement level is reached a nal intersectiostep is ex-
ecuted. Instead of considering the patch as a triangle mesh andrfprming
a sequence of ray-triangle intersection tests [Benthin04], aduction of the
bicubic Bgzier patch to a bilinear representation is appléeand the intersec-
tion point is computed analytically. The eventual loss of aegracy due to the
reduction is acceptable if a suxciently large number of re nment steps has
been applied before.

The four corner control points of the bicubic Bgzier patch re set as
the four (possibly non-coplanar) points de ning thebilinear patch Using a
simpli ed bilinear representation largely reduces the comekity of the in-
tersection algorithm. An excellent survey and source code for raputing
bilinear patch intersections can be found in [Ramsey04].

Step | CPU Cycles
Pruning 86

Re nement(u) 244

Re nement(v) 94

Final Intersection || 280

Table 6.1: Number of average CPU cycles for each of the corerapiens for
intersection based on uniform re nement. All core operatios cost less than
300 cycles. Note that for re nement in the 'u' direction, additicnal shu2e
operations are required, resulting in higher costs than foe nement in 'v'.

6.3.4 Performance of Core Operations

By implementing the recursive algorithm through an iteratie sequence, addi-
tional function call overhead is avoided. As the maximum re ament level is
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known in advance, the memory for storing re ned patches is cetant and can
therefore be allocated in advance (avoiding costly memorylatation calls).
As an example, the ray-patch intersection code reserves 82192 = 6144
bytes for a maximum re nement level of 32.

Table 6.1 shows with careful optimization, almost all core opations can
be executed in less than 300 cycles (measured using the inter@G&U clock
cycle counter). Note that the current implementation still leaves room for
optimization, allowing for even faster execution.

6.3.5 Extension for Ray Bundles

The uniform re nement approach is especially suitable for ti@ng ray bundles
because the re nement operations are independent of the nuetbof rays
within a bundle. This allows for exciently amortizing the cast of re nement
over the rays within the bundle. Nevertheless, the other core epations for
tracing bundles need to be adjusted accordingly.

Pruning for ray bundles has to be adapted in the following waylf even
one ray in the bundle indicates an intersection of a patch, it ost not be
pruned. As long as coherence within the ray bundle is high englu almost
all rays will produce the same decision in the pruning step.

As long as all rays can be grouped within a coherent beam (e.gr pri-
mary rays), the pruning test can be simpli ed further. By constreting four
planes out of the four corner rays spanning the beam one can éasiecide
(distance to plane) if all control points are outside the beamronot. Using
this technique, the number of required plane tests can be sigrantly re-
duced. Instead of constructing two planes for each ray, onlydo planes for
the entire bundle are needed. The complete pruning operatidbased on the
four corner rays has an average cost of 240 cycles per 16-raydia, corre-
sponding to an average of only 15 cycles per ray. The code in g 6.6 can
be easily adapted to test against four instead of two planes.

The nal intersection step must be applied for all rays within a bindle
and cannot be easily amortized. It therefore turns out that tis step is very
time-critical. As SSE operates on four data elements at onceé is most
bene cial to perform the nal intersection in bundles of fourrays. Bilinear
patch intersection as presented in [Ramsey04] can be coded gasding SSE
for four rays in parallel. This parallel bilinear intersecton code is able to
reduce the average cost per ray for the nal intersection stepdm 280 to
only 88 cycles.
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6.4 Newton lteration

Newton iteration is a common technique for solving equationsf ¢he form
f (x) = 0. It approximates the roots of function f (x) by using the rst terms
of the Taylor series for f (x). The Taylor series off (x) regarding point
X = Xo+ 2is de ned as

1
f(xo+2) = f(xo) + £ (x0)2 + 5f “(x0)?? # 2 (6.6)
A restriction to only the rst derivative results in

f (Xo+ 2) Yaf (xo) + T (Xo)? (6.7)

By starting from an initial guessxgo, Equation 6.7 can be used to determine
the value for2 by setting 2o = 2

_ F(Xo)

29=j m (6.8)

The resulting 2o can be seen as the o®set to the root's position. Through

continuous adjustment of

2 . f (Xn)

n = | fO(Xn) (6'9)
an iterative sequence
f(x
Xn+1 = Xn | fo((xn)) (610)
n

is de ned. The sequence converges to the root if the starting lue Xq is
suzciently close to this value. The need to chose a suzciently cée starting
value is at the same time a major disadvantage of this method beacse of the
instability near a horizontal asymptote or a local extremum. fl the Newton
iteration converges, it does so quadratically, which intuitiely means that the
number of correct digits of the root approximation roughly @ubles in every
step.

In the following sections, techniques for applying the Newtortdration in
order to solve the ray-patch intersection problem will be dis@sed. Sec-
tion 6.4.1 will illustrate the algorithm itself, while Secti:m 6.4.2 to Sec-
tion 6.4.4 will provide guidelines for an SSE implementatioand will discuss
an extension for supporting ray bundles. Section 6.4.5 will gent results
and will discuss limitations and bottlenecks.
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6.4.1 Newton Iteration Algorithm

As shown by Martin et al. [Martin00], the Newton iteration represents an
excient framework for handling the ray-patch intersection poblem. Starting
from two perpendicular planes

Po:=(No;do) Nox+ do=0
P, :=(Ni;d;)) Nix+d;=0 N;2R%di2R

whose intersection represents the ray, the aim is to nd the rostfor the
following function

u 1
.on—  NoP(u;v)+ do
The Newton iteration for this case looks as follows
M J T u u 1
V”” = " i P(UnVe) J A (Un;Ve) (6.12)
n+1 Vi
The term J is the Jacobian matrix
3= NoZPv) No@P(uv) ' 6.13
- N1%LP(U;V) Nl%\P(U;V) (6.13
whereJi ! is de ned as
o, ad(J)
it= 14
J det(J) (6.14)
As J is a 2£ 2 matrix, the adjoint of J is
u o T
agy= 2 v (6.15)
i o1 Jun
The Newton iteration stops as soon as
JiP (Un; Vnjj <2; (6.16)

wherejjP (u; v)jj de nes the distance oP (u; V) to the ray (more precisely, to
the two ray planes) and? is de ned as an accuracy threshold. As an early
exit point, Martin et al. [Martin00] suggested the following ondition:
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JiP (Un+1; Vasa )i > JiP (Un; Va)jj (6.17)

If for the current iteration the distance to the ray is greaterthan the dis-
tance of the previous iteration, an early exit is performed.Additionally,
the iteration stops if the number of iterations is greater tha a prede ned
threshold.

If the Newton iteration returns a valid solution (us; V), the distance of the
corresponding intersection point needs to be compared with éhray origin.
P (u;v) is therefore evaluated at the parameter valuesug;v.) in order to
obtain the intersection point. By projecting the intersectio point along the
ray direction, the distancet can be computed as

t = ray:direction @ (P(u;v) j ray:origin) (6.18)

Equations 6.13 and 6.16 demonstrate that the actual implemtation requires
only two core operations:

2 Evaluation of the partial derivatives 2P (u;Vv) and 2P (u;v).

2 Evaluation of P(u;v).

As evaluating P (u; V) is very similar to the evaluation of @@f(u;v), the
focus will be on optimizing a code sequence which handles bathises (see
Section 6.4.2).

Additionally, the Newton iteration algorithm allows for performing the
intersection computation for multiple rays in parallel, whch is bene cial for
handling ray bundles. As with triangle intersection (see Chapteb), it is
bene cial to perform the intersection for patches for four ngs in parallel (see
Section 6.4.2).

6.4.2 SSE Implementation

Geimer et al. [Geimer05] showed that the evaluation & (u;v) and the par-
tial derivatives can be exciently performed by computing a gctor-matrix-
vector product. The modi ed control point matrix P;’ of Section 6.1.2 avoids
the required evaluation of theBernstein basis functions (see Equation 6.4).
Therefore, P(u;v) can be evaluated by the following vector-matrix-vector
product:
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inline R3 Evaluate(const BicubicBezierPatch3D &patch,
const float u,
const float v)

{
const sse_t V = _mm_setr_ps(v*v*v,v*v,v,1.0f);
const sse_t u2 = _mm_set_psl(u);
const sse_t ul = _mm_mul_ps(u2,u2);

const sse_t u0 = _mm_mul_ps(ul,u2);
const sse_t X = _mm_add_ps(_mm_add_ps(_mm_mul_ps(patq0].t[0],u0),
_mm_mul_ps(patch.p[1].t[0],ul)),
_mm_add_ps(_mm_mul_ps(patch.p[2].t[0],u2),
patch.p[3].t[0]));
const float x = _mm_cvtss_f32(sseHorizontalAdd(_mm_mul_  ps(X,V)));

const sse_ t Y = _mm_add ps(_mm_add_ps(_mm_mul_ps(patqi0].t[1],u0),
_mm_mul_ps(patch.p[1].t[1],ul)),
_mm_add_ps(_mm_mul_ps(patch.p[2].t[1],u2),
patch.p[3].t[1]));
const float y = _mm_cvtss_f32(sseHorizontalAdd(_mm_mul_  ps(Y,V)));

const sse_t Z = _mm_add_ps(_mm_add_ps(_mm_mul_ps(patgt{0].t[2],u0),
_mm_mul_ps(patch.p[1].t[2],ul)),
_mm_add_ps(_mm_mul_ps(patch.p[2].t[2],u2),
patch.p[3].t[2]));
const float z = _mm_cvtss_f32(sseHorizontalAdd(_mm_mul_  ps(Z,V)));
return R3(x,y,z);

Figure 6.8: EvaluatingP (u;Vv) by performing a vector-matrix-vector product
by SSE instructions. Through the SOA layout, horizontal opsiions are
required to compute the sum of all register elements.
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Additionally, the evaluation of P (u;v) can be exciently implemented using
SSE instructions. The implementation shown in Figure 6.8 startwith u and
v as °oat values. Shu2e operations are required to copy °oat vaies into all
register elements. Moreover, adding elements horizontallyithin a register
requires additional operations.
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Computing the derivatives in the same way allows for reducintpe num-
ber of instructions because components which are multipliedylzero are
not considered any further. Table 6.2 shows the average numbefr cycles
for three di®erent core operations. Even though almost all @ioperations
require less than 100 cycles, the cost could be further reducesl soon as
processor architectures o®er better support for horizontal drshu?e opera-
tions.

Step | Cycles
Evaluate 90
Derivative(u) || 90
Derivative(v) || 79

Table 6.2: Average number of CPU cycles for each of the core rapens
(single ray). All core operations require less thai00cycles. For the deriva-
tive in the 'u' direction, fewer shu?e operations are required, resulting in
lower costs than for the derivative in 'v'.

6.4.3 Extension for Ray Bundles

Adapting the intersection for ray bundles is straightforward.As SSE allows
for operating on four data elements using a single instructioit, is bene cial
to apply the Newton iteration for bundles of four rays in pardel. Performing
four Newton iterations in parallel makes it necessary to evalta P (u; V)
for two vectors U = (Uug;Ug;Up;ug) and V = (Vp; Vy; Vo;V3) in parallel (see
Figure 6.9). Even though the layout ofU and V avoids additional horizontal
operations (such as required for the single ray implementatiy, the four-ray
implementation requires that every control point coordinge be copied into
the four register elements by an additional shu2e instruction.

One could avoid the shu2e instruction by storing every control mint co-
ordinate as an SSE data type, but this would increase the patatata storage
costs by a factor of 4, thus signi cantly a®ecting the advantagof compact
data representation. On the other hand, one could use larger mdies (of
more than four rays) to amortize the cost for the shu2e instructian, but the
limited number of registers makes this approach inexcient.

Table 6.3 shows the average number of required CPU cycles. Onerp
ray basis, the costs for the core operations are reduced, in gactar for
evaluating the derivatives.
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inline void Evaluate4(const sse t u,
const sse_t v,
const BicubicBezierPatch3D &patch,
SSEVec4 &result)

u;
_mm_mul_ps(u,u);
_mm_mul_ps(u,ul);
A
_mm_mul_ps(v,v);
_mm_mul_ps(v,vl);

const sse_t u2
const sse_t ul
const sse_t u0
const sse_t v2
const sse_t vl
const sse_t vO
/] == ==
const sse_t t0 = patch.p[0].t[O];
const sse_t t1 = patch.p[1].t[0];
const sse_t t2 = patch.p[2].t[O];
const sse_t t3 = patch.p[3].t[0];
const sse_t X0 = _mm_add_ps(_mm_add_ps(_mm_mul_ps(SHUE,0),u0),
_mm_mul_ps(SHUFFLE(t1,0),ul)),
_mm_add_ps(_mm_mul_ps(SHUFFLE(t2,0),u2),
SHUFFLE(t3,0)));
_mm_add_ps(_mm_add_ps(_mm_mul_ps(SHLE,1),u0),
_mm_mul_ps(SHUFFLE(t1,1),ul)),
_mm_add_ps(_mm_mul_ps(SHUFFLE(t2,1),u2),
SHUFFLE(t3,1)));
const sse_t x2 = _mm_add_ps(_mm_add_ps(_mm_mul_ps(SHLE,2),u0),
_mm_mul_ps(SHUFFLE(t1,2),ul)),
_mm_add_ps(_mm_mul_ps(SHUFFLE(t2,2),u2),
SHUFFLE(t3,2)));
_mm_add_ps(_mm_add_ps(_mm_mul_ps(SHLEK,3),u0),
_mm_mul_ps(SHUFFLE(t1,3),ul)),
_mm_add_ps(_mm_mul_ps(SHUFFLE(t2,3),u2),
SHUFFLE(t3,3)));
result.tf0] = _mm_add_ps(_mm_add_ps(_mm_mul_ps(x0,v0) ,
_mm_mul_ps(x1,v1)),
_mm_add_ps(_mm_mul_ps(x2,v2),
x3));

const sse_t x1

const sse_t x3

Il == Y,Z similar ==
..

Figure 6.9: Evaluating P(U;V) for two vectors U = (ug;us;up;us) and
V = (Vo;Vi;Vo; v3) by performing a vector-matrix-vector product using SSE
instructions. No horizontal operations are required but ma shu2e instruc-
tions, because each control point coordinate has to be cabiato the four
register elements.
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Step | Cycles / Per Four-Ray Bundle| Cycles / Per Ray
Evaluate 350 87.5
Derivative(u) || 255 63.75
Derivative(v) || 244 61

Table 6.3: Average number of CPU cycles for each of the core rapens
when operating on four rays in parallel. Computing derivatigerequires fewer
operations, resulting in lower costs.

6.4.4 Newton Iteration Convergence

The greatest dixculty by the Newton iteration is the fact that convergence
depends on the starting value. If the starting point is chosen tofar away
from the correct solution, the Newton iteration can convergea a wrong
solution (get \stuck” in a local minimum), converge slowly, or gen fail to

converge at all.

In order to obtain a good starting value, researchers [Martir} have
suggested to subdivide a given patch into a set of sub-patches (bdsmn a
°atness criteria [Guthe02]) and to build a spatial index struatire from these
sub-patches. Each sub-patch corresponds to a speci ¢ parametdomain
of the original patch. A ray, or a ray bundle, is then traversedhrough this
spatial index structure and, in the case of sub-patch intersectig the starting
value of the Newton iteration is initialized to the center of he corresponding
parametric domain of the sub-patch.

If the patch is suzciently °at, patch subdivision for initializ ing starting
values works quite well. Nevertheless, it can never guaranteenvergence.
Note that the creation of sub-patches typically requires a clsen °atness or
curvature threshold, which has to be manually adjusted depemdy on the
curvature of patches.

6.4.5 Discussion

The convergence speed of a Newton iteration-based intersectadgorithm de-
pends mainly on the distance between the starting value and theal result.

If the distance is suzxciently small, Newton iteration o®ers quaatic conver-
gence, which makes it extremely fast. Nevertheless, the standapproach of
determining a suxciently close starting value by traversing andditional spa-
tial index structure (see Section 6.4.4), which is constructepler patch, has
serious drawbacks. First of all, the overall memory requiremenare higher
because of the additional spatial structure per patch, makingendering of



104

Chapter 6: Coherent Ray Tracing for Freeform Surfaces

highly complex scenes dixcult. Furthermore, the larger memg footprint in-
creases the probability of cache misses. Finally, even a nelyspdved spatial
index structure does not guarantee convergence in all potéaitcases.

The main advantage of a Newton iteration-based approach is ththe ray-
patch intersection costs essentially depend on the costs for exating P (U; V)
and the corresponding derivatives. A closer look at the code itsshows that
the evaluation almost exclusively consists of multiply-add seguaces. This is
similar to the implementation of core operations for unifornme nement. And
here too, the performance could be signi cantly increased ugian exclusive
multiply-add SSE instruction and more SSE registers for stormtemporary
values.

6.5 Newton lteration and Krawczyk Operator

As discussed in Section 6.4, a Newton iteration-based algorithmrcéail to
converge if the starting point is chosen too far away from the o@ct solution.
Fortunately, the Krawczyk operator [Krawczyk69, Krawczyk70] is able to
determine for a chosen starting point if the Newton iteration wi converge
or not. Therefore, the Krawczyk operator can be used as an erton to the
standard Newton iteration-based intersection in order to ideifly safe starting
regions. The implementation described in this section is an exision of the
original work by Toth et al. [Toth85].

Before explaining the Krawczyk operator and the extension tfie Newton
iteration-based intersection in detail, the fundamentals ahterval arithmetic,
which form the basis of a Krawczyk operator, are presented rst.

6.5.1 Interval Arithmetic

An interval (over R) is de ned as a bounded set of real nhumberX =

[Xmin i Xmax] = fX2 R: Xmin © X+ Xmaxg. For intervals, which in the fol-
lowing will be indicated in capital letters, the standard arihmetic operations
f+;i ;8;,=g are de ned as:

X+Y = [Xmin + Ymin; Xmax + Ymax] (6.20)
X i Y = [xmin i Ymax;xmax i Ymin] (6-21)
X aY = [Minyay; MaXyay] (6.22)
1.0=X = [1:0=Xjax;10=Xnin ;02 X (6.23)

When multiplying two intervals, the upper, respectively lowe bound of the
result is computed by determining the maximum resp. minimum ate four
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maxxny = maX(X min Ymin ; Xmin Ymax ; X max Ymin ; X max Ymax )
Additionally, operations between an intervalX and a scalar valuey 2 R
are de ned as:

X+y
X ay

[Xmin + y;xmax + y] (6-24)
[Min (Xmin 2Y; Xmax 2Y); Max(Xmin BY; Xmax 2Y)] (6.25)

All operations are associative and commutative. Note that distbiutivity
does not hold true, only sub-distributivity:

Xa(Y+2Z)%XaY+XoZ (6.26)

For evaluating terms, more accurate results can be achieved Ectorizing
the elements as much as possible.

To implement the Krawczyk operator, two additional operatos are re-
quired: The midpoint operator m(X) and the width operator w(X). These
are de ned as

Xmin + X
m(X) = w (6.27)

W(X) = Xmax i Xmin (6.28)

A natural extension to intervals areinterval vectors An m-dimensionalin-
terval vector is de ned asX = ( Xo;:;; Xm; 1) 2 R™, whereX; is an interval
over R.

For two interval vectors X and Y 2 R™, the operations £2 f +;j ;9;,=g
are de ned componentwise

XEY = (XoE Yo; 5 Xmi 1E Ym; 1) (6.29)

Similarly, the midpoint and the width operator for interval vectors are also
de ned componentwise

m(X)
w(X)

(M(Xo);:5;M(Xm; 1)) (6.30)
(W(Xo); 2 W(Xm; 1)) (6.31)

In the same manner as for de ning functions oveR, one can extend the
functions to intervals overR. An interval extensionof a function

f(Xo;:5 Xm; 1) = (Yo; 25 Yni 1)5XisY; 2 R (6.32)
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is de ned as

F(Xo; 5 Xmi 1) = (Yo; 5 Ya; 1) (6.33)

whereX;;Y; are intervals overR.

6.5.2 Krawczyk Operator
The Krawczyk operatorK (X;;y;Y) is de ned as:

KXi;y;Y) = yi Yaf(y)+(jYjeArer[j 1;1]) (6.34)

y = m(x) (6.35)
Y = m(F{X;)it? (6.36)
Al = SOETX) 637)
e = WX, (6.38)

where X; is an interval extension ofx; 2 R, y 2 X;, and Y a non-singular
matrix. Without loss of generality, y = m(X;) and Y = m(FYX;))! . The
fundamental idea of applying the Krawczyk operator is to defrmine safe
convergence regions within intervak;.

From the given interval X, the Krawczyk operatorK (X;;y;Y) computes
a new interval X;. Based on the new intervalX;, a convergence criteria is
evaluated that determines ifX; can be considered as a safe region for starting
a Newton iteration.

For a detailed description of the mathematical background, sgKrawczyk69,
Krawczyk70, Toth85].

6.5.3 Krawczyk-Moore Intersection Algorithm

Based on the work by Moore [Moore77], Toth [Toth85] proposed aago-
rithm that uses the Krawczyk operator to identify safe regiongor the New-
ton iteration. If a solution for function f (x) = 0 with x 2 X, exists, the
Krawczyk-Moore test will return an interval Xge for which all X 2 Xgate
converge to a non-ambiguous solution. The underlying procesan be for-
mulated as an iterative algorithm starting with the initial interval Xy. The
intervals X; builds a sequence of nested intervals:
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\
X1 = Xo\ K (Xo; m(Xo); m(FAXo))i 1) (6.39)
X, = X1 KXumX);mFY{X))' Y (6.40)
\ (6.41)
Xisn = Xi KXi;m(Xi):mFYX))hH (6.42)

The sequence can be terminated if one of the follow conditiohslds true:

2 Xi is a safe region for starting the Newton iteration

2 X; = ?: There exists no valid solution forX;

2 w(X;) < Epsilon and w(FqX;)) < Epsilon: F(X;) can be considered
as almost planar. In this case only a single Newton step usimg(X;)

has to be performed.

2 Xi = Xj; 1. since the intervals are not shrinking, subdivideX; in half
and continue recursively with each sub-interval.

What remains now is to de ne the conditions wherX; can be considered
a safe starting region. If either

K (Xi;m(Xi); m(FYX)' ) 2 X; (6.43)
r=jili mFYX) e FYXjj < 1 (6.44)
or
im(Xi)i n(m(X;)jj < (Li r)oa (6.45)
r=jil i mFYX) P eFAX)ji< 1 (6.46)

with a = mini(%w(xi)) and B(Xj;a) = x2 X; :jjxi m(Xj)jj- ais ful-
‘Tled, the Newton iteration will converge for all x 2 X;, respectivelyx 2
B (Xi;a) [Toth85].

As convergence of the interval sequeneg mainly depends on the interval
extension of the derivativesSy (Xi) and Sy (X;), it is important to compute
these (3-dimensional) intervals as accurately as possible. Thpproach of
computing, for example,Sy(X;) by
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whereU and V are interval extensions andP;’ is the modi ed control point

matrix, is fast and excient. Given interval distributivity, h owever, it does
not ensure optimal accuracy (see Equation 6.26). The limitedcauracy in-
creases the number of iterations of the Krawczyk-Moore test talentify a

safe starting region. Therefore, it is more bene cial to compe derivatives
the following way: Given the original patch with its control points P; (not

multiplied with the Bernstein matrix), a new patch with control points P”R

is computed that corresponds to the original patch restrictetb interval X;.

From the new patch, a reduced & 4 control point matrix Qj; is created.
Note that for Sy

3
Qj = W(Piﬁﬂi P) (6.48)
and for Sy
_ 3 R . pR
Qj = W(Piﬂjl Pi (6.49)

The interval extension of derivativesSy(X;) and Sy (X;) can be easily ob-
tained by determining the minimum and maximum intervals ove the com-
ponents of the reduced control point matrixQj; .

Note that this approach requires additional clipping operabns due to the
restrictions of patch control points to the interval X;. Even though the clip-
ping operations can be exciently performed by de Casteljau sdlvisions, the
four subdivision steps are costly. However, the interval extensicobtained
from the clipping step is typically more accurate than the redtiof the ma-
trix evaluation approach. The higher accuracy directly traslates to a three
to four times smaller number of iterations for the Krawczyk-More test (see
Section 6.10).

6.5.4 Implementation

The implementation of an intersection algorithm based on the Kawczyk
operator can be directly combined with the Newton iteration lorithm from
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Section 6.4. Finding a safe starting region is just a preamblerfthe actual
Newton iteration step. Therefore, the main task is to excientlyimplement
the evaluation of the Krawczyk operator.

In order to provide an easy and encapsulated access to intervatlametic,
a few simple C++ classes are used (see Figure 6.10).

class Interval {
public:

float min;

float max;

/I ... arithmetic operators for a one-dimensional interval vector
I3
class Interval3D {
public:

Interval interval[3];

/I ... arithmetic operators for a three-dimensional interv al vector
I3
class IntervalMatrix2x2 {
public:

Interval interval[2][2];

/I ... arithmetic operators for a 2x2-dimensional interval matrix

L

Figure 6.10: Simple C++ classes for implementing interval rithmetic.

Based on the interval arithmetic classes of Figure 6.10, a brigéscription
of each step required to compute the Krawczyk operator will bgiven.

Su(Xj) and Sy (X;): The partial derivatives of the patch with respect to
interval X; can be computed either by performing an interval-vector
matrix interval-vector product or by determining the minimum and
maximum intervals of the reduced control point matrix. In ether case,
the result is aninterval3D class, corresponding to a three-dimensional
interval vector.

Fu(X;) and Fy (X;): These are the partial derivatives of (X;) which can
be exciently computed by representing the ray as the interseicn of
two planeS (Nu,du) and (Nv;dv), WhereNU; Ny 2 R®and du, dV 2 R.
In this case, the computation ofFy(X;) and Fy (X;) only involves four
dot products:

T u

)l
L Fv(Xi) = Nu &S (X3)

Ny 2 Sy (Xj)

m
Ny =Sy (Xi)

FulXi) = Ny esy(X)

(6.50)
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The result of, e.g., Ny & Sy(X;) is a one-dimensional interval. There-
fore, the result of Fy(X;) and Fy(X;) is stored into an IntervalMa-
trix2x2 class, which is a £ 2 interval matrix.

Y = m(FYX;))' ' As Fy(X;) and Fy (X;) are partial derivatives of F (X;),
the derivative of F (X;) is the Jacobian matrix J = ( Fy(Xi)Fv (Xj)).
Before computing the inverse of the 2 2 Jacobian interval matrix J,
the midpoint operation m(X;) is applied rst. This transfers the 2£ 2

interval matrix into a real-valued 2£ 2 matrix. The inverse is computed

by Jil= 2d0)

detd *
Ay = %(W(FO(Xi))) j - Performing the width operation transforms the previ-
ously computed Z 2 interval matrix into the real-valued 2£ 2 matrix A.

e = %(W(Xi))i: Computing ¢ only requires thewidth operator applied on
the current interval X;.

f(y): The function f (y) = f (m(X;)) can be quickly evaluated by performing
a vector-matrix-vector product (see Section 6.4).

All these steps are required for an implementation of an intersan algo-
rithm using the Krawczyk operator and Newton iteration. Figue 6.11 shows
a pseudo C++ code for an example implementation.

In a rst step, the algorithm performs a patch clipping operaton (start-
ing from the original patch) based on the current parametricnterval UV.
For implementing the Clip operation, the patch re nement code from Sec-
tion 6.3 can be reused. Note that the clipping operation is penfmed in every
iteration of the algorithm and should therefore be as optimed as possible.

In order to avoid unnecessary iterations of the Krawczyk-Moertest, an
early pruning test is performed based on the axis-aligned bound box of the
clipped patch and the ray. If the ray intersects the bounding bx, the partial
derivatives (Su and Sv) of the clipped patch are computed and the results
are stored in two three-dimensional interval vectorssu and sv). Figure 6.12
shows an example implementation obv using SSE instructions.

The 2£ 2 interval matrix mat of the partial derivatives is computed by
performing four dot products between the patch derivativesu and sv and
the two ray plane equationgNu,du) and (Nv,dv). This interval matrix forms
the basis for obtaining the two 2£ 2 real-valued matricesY and A.

After evaluating the patch at the center of the current intenal UV, the
distancesfy of the corresponding point to the two ray planes are computed.
The interval UV, the distancesfy, and the matricesY and A then allow for
evaluating the Krawczyk operator (see Equation 6.34). If imtrval k returned
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BicubicBezierPatch3D patch; Ray ray; // current patch and r ay data
R3 Nu,Nv; float du,dv; // two ray planes (Nu,du) and (Nv,dv)
Interval2D stack[MAX_STACK_ DEPTH];
Interval2D *sptr = stack;
*sptr++ = Interval2D(0.0f,0.0f,1.0f,1.0f);
while(sptr = stack) {
sptr--; Interval2D UV = *sptr; // get interval from stack
while(1) {
/I -- clipped original patch based on current UV interval --
BicubicBezierPatchSSE clipped_patch = Clip(UV,patch);
/I -- test if ray intersects bounding box of clipped patch --
Box box = clipped_patch.GetAABB();
if (!IntersectBox(ray,box)) break;
/I -- compute interval extension of derivatives --
Interval3D su = Su(UV,clipped_patch);
Interval3D sv = Sv(UV,clipped_patch);
/I -- compute interval matrix for partial derivatives --
IntervalMatrix2x2 mat = Fuv(su,sv,Nu,Nv);
/I -- compute Matrix A and Y--
Matrix2x2 A,Y; A = ComputeA(mat); Y = ComputeY(mat);
/I -- evaluate patch at the center of UV --
R3 p = Evaluate(patch,UV.center());
/I -- compute distances to ray planes (Nu,du) and (Nv,dv) --
R2 fy = ComputeDistances(p,Nu,Nv,du,dv);
/I -- compute new interval using the Krawczyk operator --
Interval2D k = ComputeKraw(UV,Y,Afy);
if (Disjoint(UV,k)) break; // -- UV and k disjoint -> skip UV - -
/l -- compute subset of UV and k --
Interval2D UV_k = Subset(UV,Kk);
/I -- if safe interval exists -> start Newton iteration --
if (isSafelnterval(UV,k,Y,A,fy)) {
Newtonlteration(UV_k,ray,patch); break;
} else {
/I -- test if no reduction could be achieved --
if (UV_k == UV) {
/I -- subdivide UV into four subsets, continue recursively - -
Subdivide(UV,sptr[0],sptr[1],sptr[2],sptr[3]); sptr+ =4; break;
}
UV = UV_Kk; /I -- update UV interval --
11}

Figure 6.11: Pseudo C++ Code for a ray-patch intersection atiyithm using
the Krawczyk-Moore test. The interval extension of the deritraes is com-
puted by clipping the original patch according to the 'UV' irerval. If a safe
interval region is identi ed, a Newton iteration is performed
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inline float hMax(const sse_t &a) {

const sse_t ftemp = _mm_max_ps(a,_mm_movehl_ps(a, a));

return _mm_cvtss_f32(_mm_max_ss(ftemp, mm_shuffle_ps (ftemp,ftemp,1)));
}
inline float hMin(const sse_t &a) {

const sse_t ftemp = _mm_min_ps(a,_mm_movehl_ps(a, a));

return _mm_cvtss_f32(_mm_min_ss(ftemp,_mm_shuffle_ps (ftemp,ftemp,1)));
}
inline Interval3D Sv(const Interval2D &UV,

const BicubicBezierPatch3D &patch)

{

Interval3D S;

const Interval &V = UV.interval[1];

const float width = 3.0f / width(V);

Il -- X --

const sse_t x0 = _mm_sub_ps(patch.p[1].t[0],patch.p[0]. t[o));
const sse_t x1 = _mm_sub_ps(patch.p[2].t[0],patch.p[1]. t[o));
const sse_t x2 = _mm_sub_ps(patch.p[3].t[0],patch.p[2]. t[0]);

S.interval[0].min = width * hMin(_mm_min_ps(x0, mm_min_  ps(x1,x2)));
S.interval[0].max = width * hMax(_mm_max_ps(x0,_mm_max_ps(x1,x2)));
-y -

const sse_t yO = _mm_sub_ps(patch.p[1].t[1],patch.p[0]. t[1));
const sse_t yl = _mm_sub_ps(patch.p[2].t[1],patch.p[1]. t[1]);
const sse_t y2 = _mm_sub_ps(patch.p[3].t[1],patch.p[2]. t[1]);

S.interval[1].min = width * hMin(_mm_min_ps(y0,_mm_min_  ps(y1,y2)));
S.interval[ll.max = width * hMax(_mm_max_ps(y0,_mm_max_ps(y1,y2)));
In--Y -

const sse_t zO = _mm_sub_ps(patch.p[1].t[2],patch.p[0]. t[2]);
const sse_t z1 = _mm_sub_ps(patch.p[2].t[2],patch.p[1]. t[2));
const sse_t z2 = _mm_sub_ps(patch.p[3].t[2],patch.p[2]. t[2]);

S.interval[2].min = width * hMin(_mm_min_ps(z0,_mm_min_ ps(z1,z2)));
S.interval[2].max = width * hMax(_mm_max_ps(z0,_mm_max_ps(z1,z2)));
return S;

Figure 6.12: After clipping the original patch to the curreninterval 'UV, the
interval extension of patch derivatives (here in the paranrét 'v' direction)
can be exciently coded using SSE instructions. In a rst stepa reduced
control point matrix (of the clipped patch) is created by satacting control
point Pi.1; from P;. For each of the three dimensions, the corresponding
interval is set to the minimum and maximum of the control poindi®erences
(multiplied by 3:0=width(V)).

by the Krawczyk operator and the current interval UV are disjoint, the
current interval UV is excluded from further processing.
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If one of the convergence criteria is ful Tled iESafelnterval), the current
interval UV is considered as a safe starting region and a Newton iteration-
based intersection is performed. If no safe starting region cae bletermined,
the algorithm performs a comparison of equality between thairent interval
k and the subset ok and UV. If no reduction of the parametric region can be
achieved, the algorithm subdividedJV into four sub-intervals and continues
recursively. Otherwise,UV is replaced by the subset ok and UV, and the
algorithm continues. The algorithm terminates when the inteval stack is

empty.

6.5.5 Discussion

The main advantage of the Krawczyk operator is that it avoidsthe con-
vergence problems of the standard Newton iteration-based imgection al-
gorithm, providing reliable results. No additional spatial ingx structures
that limit the parametric starting region are required. Thisreduces memory
requirements because only the original patch data is needed.

However, identifying safe regions by evaluating the Krawczykperator
does not come for free. In each iteration, many complex opéams, e.g. patch
clipping or computing derivative intervals, have to be perfomned. Even
though most operations can be ezxciently implemented using SSiBstruc-
tions, signi cantly more SSE instructions are required than fo standard
Newton iteration-based intersection. For many scenes, this sigoantly im-
pacts performance (see Section 6.10).

The number of iterations that are required to identify a safe @anvergence
region largely depends on the size of the partial derivativatervals. The
larger the derivative intervals, the smaller the reduction othe current para-
metric region. Typically, the expansion of the derivative itervals becomes
larger with an increased patch curvature. Therefore, it mighbe bene cial
to subdivide highly curved patches in a preprocessing step in @dto rst
reduce the curvature of these patches.

6.6 Bézier Clipping

Another approach for solving the intersection problem is the &fjer clipping
algorithm. B®zier clipping was rst presented by Nishita et al[Nishita90].
The basic idea behind the B®zier clipping algorithm is to cuaway regions of
the patch (and therefore parametric intervals) that are know not to be
intersected by the ray. Through continuous cutting, the parenetric do-
main associated with the remaining sub-patch converges to thelsion.
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Note that B®zier clipping even works for rational B®zier staces or Bgzier
curves because all operations are only performed after a projion of the
patch into 2D.

The original algorithm proposed by Nishita et al. [Nishita90] su®s from
certain numerical instabilities because of the underlying rhare of the algo-
rithm. Campagna et al. [Campagna97] identi ed those critidaissues and
proposed a modi ed version, which greatly reduced the numeaicproblems.

As a matter of fact, Bgzier clipping is a very complex algotitm, whose
implementation is not trivial. Nevertheless, even this complealgorithm can
be exciently implemented using SSE instructions. In order to vide a bet-
ter understanding of implementation issues, Section 6.6.1 wilist discuss
the original algorithm in detail. Section 6.6.2 will presenta step-by-step ap-
proach to an SSE implementation. Finally, Section 6.6.3 wWitleal remaining
problems and bottlenecks.
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Figure 6.13: Left Image: The distances of all 3D control pois to the two ray
planes (blue lines) are determined, resulting in a 2D patclepresentation. In
order to reduce the parametric domain, two line, = %(P3O i Poo+ Pa3i
Po3) and L, = %(Pogi Poo + P33 i P3p) are computed (green lines) which
pass through the origin and are roughly perpendicular to thevd parametric
directions 'u’ and 'v'. Right Image: The convex hull of the ditances of all 2D
control points to line L, plotted using equidistant spacing of the unit interval.
The region outside of the convex hull is known to not to be irgected and
can be cut away.

6.6.1 The Bézier Clipping Algorithm

B®zier clipping works by cutting away regions of the patchand thus para-
metric regions of the parameter domain, that are known not tbe intersected
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by the ray. Each ray is again represented as the intersection tfo planes
plo(X) = NoX + dg and ply(x) = Ny x + d;. In a rst step, the distance for
all control points Pj; with respect to the two planes are computed

dj =(NoPj + do; N1 Py + d) (6.51)

This allows for performing all cutting and subdivision operabns in 2D in-
stead of 3D, thus saving 33% of the total number of operations. €ldistances
d; are used as control points for the projected 2D patch represation

0 X 3 3 2
P (u;v) = BP(u)Bj(v)dj ; dj 2R (6.52)
i=0 j=0

The two lines ply and pl; specify the coordinate axes, as shown in the left
image of Figure 6.13. This reduces the intersection problera tnding values
for u andv, so that P°(u; v) = 0. The algorithm “nds potential u andv values
by iteratively excluding parametric regions withP"(u;v) 6 0. Therefore, two
linesL, and L, which pass through the origin are determined. Those lines
should be roughly perpendicular to the two parametric direcvbns u and v,
and are usually de ned as:

1

L, = é(Psoi Poo+ P3si Pos) (6.53)
1

Ly = Q(Po3i Poo+ Pssi Pso) (6.54)

In rare cases when eithet, =0 or L, = 0, the computation of L, and L,
must be performed di®erently [Efremov05]. I is the rst parametric direc-
tion to be considered, the distancedf} of all 2D control points to line L, are
computed next. Relying on the following property of Bernstei polynomials

X1 .
IHB{‘(U) = U (6.55)

i=0
an explicit Bgzier curve can be de ned as
o
BC(u) =
i=0

B () (6.56)

(o]
=]
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As BC (u) intersects the u-axis at some point wher®“(u; V) intersects L,
the convex hull criteria for BC (u) can be applied in order to identify regions
for u that do not intersect the u-axis and therefore do not intersecL , ei-
ther. The right image of Figure 6.13 shows the convex hull of éhpoints
(r‘]—; df) intersecting the u-axis atup,i, and umax. Therefore, intervals [QUmin |
and [umax; 1] can be excluded from containing potential solutions in the
direction. Note that r']— Is an equidistant spacing of the unit interval.

Two de Casteljau subdivision steps are now performed in thedirection
in order to reduce the 2D B®zier patctP (u; V) to the reduced parametric
interval [Umin ; Umax]. The algorithm continues by alternating betweeru and
v as parametric directions. B®zier clipping has three termation criteria:

2 One interval is smaller than a prede ned epsilon. If only one pa-
metric direction is still greater than epsilon, the algorithmcontinues
exclusively with the corresponding interval. If the intervalfor both di-
rections is smaller than epsilon, the center of either interVas returned
as a valid intersection.

2 After the de Casteljau subdivision, the subdivided patch does nanh-
clude the origin (with respect to the two ray planes), resultingn no
intersection.

2 The convex hull of the B®zier curvdC (u) does not intersect theu-axis,
resulting in no intersection.

Handling multiple intersections can be problematic becausedhalgorithm
does not need to terminate in this case. A simple solution to thigroblem is
to subdivide the patch in half and restart the algorithm with ether half
provided the parametric interval reduction is less than a catant value.
Nishita [Nishita90] heuristically determined this value as beim 20%.

If the algorithm converges to a solution, the original patchP (u;v) is
evaluated at the corresponding parameter values in order tdtain the coor-
dinates of the intersection point. By projecting the intersetton point along
the ray direction, distancet can be computed easily by

t = ray:direction & (P(u;v) j ray:origin) (6.57)

6.6.2 SSE Implementation

The following operations required by the B®zier clippinglgorithm have been
identi ed as suitable core operations for implementation usg SSE instruc-
tions:
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struct BicubicBezierPatch2D
{

sse_t Nu_dist[4];

sse_t Nv_dist[4];
kL

Figure 6.14: The structure stores the sixteen 2D control pds of the patch
P°(u;v), which are the distancesl; of the original control points to the two
ray planes, in an SSE suitable SOA format.

2 Obtaining the 2D control points d;; of patch P°(u; v) by computing the
distances of the 3D control point®; to the two ray planesply, and pl;.

2 Checking whether the current patchP °(u; v) includes the origin.
2 Computing the L, and L,.

2 Computing the distancesd; of dj to either L, or L,, and determining
the convex hull of the obtained distance control points. Findig uUnn
and umay If the convex hull intersects theu-axis.

2 Based on the reduced parametric intervalufyin ; Umax ], subdividing the
current patch two times in order to obtain sub-patchP°(u; v).

In the following, the implementation for all those operatios will be dis-
cussed in detail.

Initialization 3D to 2D

Applying the B%®zier clipping algorithm for bicubic B§zierpatches requires
a data structure for storing the 2D control pointsd; (see Figure 6.14) for
the 2D patch P°(u;Vv). This data structure is initialized by computing the
distances of the original control points to the two ray planes.

The code illustrated in Figure 6.15 shows that distanced; can be e+-
ciently computed by performing a sequence of four dot prodwgin parallel.
Additionally, a pruning test is performed by checking the signef the com-
puted 2D distance coordinates. If all distances have matchinggsis, the 2D
convex hull of all control points cannot contain the origin. Thus, the ray
cannot intersect the patch. Note that this additional test can le performed
basically without any additional costs.
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inline bool Init(const BicubicBezierPatch3D &patch,
const RayPlanesSSE &plane)
{
unsigned int signsU = 0;
for (unsigned int i=0;i<4;i++)
{
const sse_t d = _mm_add_ps(_mm_add_ps(_mm_mul_ps(plan€u.t[0],
patch.pl[i].t[0]),
_mm_mul_ps(plane.Nu.t[1],
patch.p[i].t[1])),
_mm_mul_ps(plane.Nu.t[2],patch.pli].t[2]));
const sse_t d_f = _mm_sub_ps(d,plane.du);
Nu_dist[i] = d_f;
sighsU |= _mm_movemask_ps(d_f) << (4*);
}
if (signsU == Oxffff || signsU == 0) return false;
unsigned int signsV = 0;
for (unsigned int i=0;i<4;i++)
{
const sse_ t d = _mm_add_ps(_mm_add_ps(_mm_mul_ps(plandy.t[0],
patch.p[i].t[0]),
_mm_mul_ps(plane.Nv.t[1],
patch.p[i].t[1])),
_mm_mul_ps(plane.Nv.t[2],patch.p[i].t[2]));
const sse_t d f = _mm_sub_ps(d,plane.dv);
Nv_dist[i] = d_f;
signsV |= _mm_movemask_ps(d_f) << (4*);
}
if (signsV == Oxffff || signsV == 0) return false;
return true;
}

Figure 6.15: Initialization of the sixteen 2D control poins of patchP’(u; V).

The control points are the distancesl; of the original control points to the
two ray planes (stored in the SSE-suitable SOA format). If éhnew control
points lie completely in one half space with respect to a rayape, the new
patch cannot contain the origin and the function returns fak (early exit).

Origin Test

The test whether the current patchP°(u;Vv) includes the origin, or not, is
basically the same as the previously mentioned sign test of all dasices.
Since this test is performed for every B®zier clipping itetian it needs to be
as fast as possible. Therefore, a simpli ed version is chosen. Ttast rst

computes the extremal distances (minimum and maximum) withespect to
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inline bool ContainsOrigin()
{
sse_t minU = Nu_dist[0];
sse_t maxU = Nu_dist[0];
for (unsigned int i=1;i<4;i++)
{
minU = _mm_min_ps(minU,Nu_dist[i]);
maxU = _mm_max_ps(maxU,Nu_dist[i]);
}
if ((_mm_movemask ps(maxU) == 0xf) ||
(_mm_movemask_ps(minU) == 0x0)) return false;

sse_t minV = Nv_dist[0];
sse_t maxV = Nv_dist[0];
for (unsigned int i=1;i<4;i++)

{
minV = _mm_min_ps(minV,Nv_dist[i]);
maxV = _mm_max_ps(maxV,Nv_dist[i]);
}
if ((_mm_movemask ps(maxV) == 0xf) ||

(_mm_movemask_ps(minV) == 0x0)) return false;
return true;

Figure 6.16: Checking if the 2D patctP’(u;Vv) contains the origin by apply-
ing the plane test only to extremal values of the control pbimatrix. For

every column of the control point matrix, the minimum and marium is
computed in parallel and the corresponding signs are comgadr If all maxi-
mum, respectively minimum, values have negative respeetpositive signs,
the patch cannot contain the origin.

the columns of the control point matrix. The origin test is peformed in a
second step by simply testing those extremal points, as shown in Frgu5.16.

Computing Ly and L,

Reducing the parametric domain in either theu or v direction makes it
necessary to compute the two linek, = %(Pgo i Poot Ps3j Pg3)andL, =
%(Po3i Poot P33i P3g). Ly (Ly) should be roughly perpendicular to direction
u (v). Given the nature of B®zier clipping, it is possible that elter L, or L,
become zero. In this case, the zero vector will be replaced byector which
is perpendicular to the non-zero vector. As computing, and L, is rather
simple, code is omitted.
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Figure 6.17: Left Image: When computing the intersection ahe convex
hull with the u-axis, only the extremal intersectionsini, and unax heed to
be considered. Right Image: In the case of multiple intersiems, only the
absolute maximum, respectively minimum, of the interseofis with theu-axis
is determined.

Computing the Convex Hull

Assuming parametric directionu has been chosen, the new control point ma-
trix df} is set by computing the distancesl; to L. Because of the equidistant

partition in u, all d?- :0- i - 3 share the samey; = i D% value. Therefore,
the minimum dmin; and maximum dmax; of d; ;0 - i - 3 are determined

ij 3
for everyv;. Computing v; can be implementedJ exciently using SSE instruc-
tions, which allows all fourdmin; and dmax; to be stored within one register.
An early exit can be performed, simply by testing the foudminf in terms
of matching positive signs andjminio in terms of matching negative signs.

Starting from dmin? respectivelydmaxf, the convex hull with respect to
a possible intersection at thau-axis is constructed. Note that an intersection
with the u-axis can only exist if the signs ofimin; (dmax.) do not match. For
all possible intersections with thau-axis, only the extremal intersectionSin,
and unax Need to be considered, as shown in the left image of Figure 6.17.

For the four points dmin? (dmaxf), there exists only a maximum of four
intersections with the u-axis, as shown in right image of Figure 6.17. Note
that not all have a valid intersection with the u-axis. Based on the signs of
the four points dmini0 (dmaxio), it is possible to precompute the indice$ga
and igng referring to the y coordinate and theu values for the start and end
points of all four line equations.

Taking the signs of eitherdmin; or dmax;, one can easily assemble all
four possible line equations in the SOA format by performing tae look-ups.
The potential intersections can now be ezciently computed usg SSE in-
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struct IntersectionTableEntry // sixteen precomputed ent ries
{
unsigned int sy[4];
unsigned int ey[4];
float dx[4];
float sx[4];
I3
I
sse_t dist[4];
const sse_t nx = _mm_set_psl(du.y); // normal to Lu
const sse_t ny = _mm_set_psl1(-du.x);

for (unsigned int i=0;i<4;i++)
dist[il] = _mm_add_ps(_mm_mul_ps(nx,Nu_dist[i]),
_mm_mul_ps(ny,Nv_dist[i]));

sse_t min_dist = _mm_min_ps(_mm_min_ps(dist[0],dist[1] ),
_mm_min_ps(dist[2],dist[3]));
sse_t max_dist = _mm_min_ps(_mm_max_ps(dist[0],dist[1] ),
_mm_max_ps(dist[2],dist[3]));
if (_mm_movemask_ps(min_dist) == 0x0 ||
_mm_movemask_ps(max_dist) == 0xf) return false;

if ((minMask & 0x9) != 0x9) {
const unsigned int index = ((mask & 0x8) ? ~mask : mask) & 0x7;

const IntersectionTableEntry &entry = convexHullinterse ctionTable[index];

const sse_t sy = _mm_setr_ps(ptr[(int)entry.sy[O]],ptr[ (int)entry.sy[1]],
ptr{(int)entry.sy[2]],ptr[(int)entry.sy[3]]);

const sse_t ey = _mm_setr_ps(ptr[(int)entry.ey[O]],ptr[ (int)entry.ey[1]],

ptr[(int)entry.ey[2]],ptr[(int)entry.ey[3]]);
const sse_t denom = Inverse(_mm_sub_ps(ey,sy));
const sse_ t s = _mm_add_ps(_mm_mul_ps(_mm_mul_ps(*(ss¢*)entry.dx,sy),
denom),*(sse_t*)entry.sx);
const float s_min = _mm_cvtss_f32(sseHorizontalMin(s));
const float s max = _mm_cvtss_f32(sseHorizontalMax(s));
minS = MIN(mInS,s_min);
maxS = MAX(maxS,s_max);
}
if (((~maxMask) & 0x9) = 0x9) {
...
}

Figure 6.18: Given a maximum of four intersections, the indes for the four
line representations are precomputed, allowing the intesstions to be ezx-
ciently computed in parallel. Horizontal operations theneturn the minimum
and maximum of the 'u' intersections.
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structions (see Figure 6.18). Taking the minimum (maximum) othe four u
intersections, one can obtainunyi, (Umax). Note that the intersection com-
putation needs to be applied only for a subset of the sixteen podsisign
combinations.

inline void deCasteljauVertical(BicubicBezierPatch2D & dest,
const sse_t alpha,
const sse_t beta) const
{
dest.Nu_dist[0] = Nu_dist[0];
const sse_t plOx = _mm_add_ps(_mm_mul_ps(alpha,Nu_dist[0]),
_mm_mul_ps(beta,Nu_dist[1]));
dest.Nu_dist[1] = p10x;

const sse_t pllx = _mm_add_ps(_mm_mul_ps(alpha,Nu_dist[1]),
_mm_mul_ps(beta,Nu_dist[2]));
const sse_t p20x = _mm_add_ps(_mm_mul_ps(alpha,p10x),

_mm_mul_ps(beta,pllx));
dest.Nu_dist[2] = p20x;
const sse_t pl2x _mm_add_ps(_mm_mul_ps(alpha,Nu_dist[ 2]),
_mm_mul_ps(beta,Nu_dist[3]));
_mm_add_ps(_mm_mul_ps(alpha,p11x),
_mm_mul_ps(beta,pl2x));
const sse_t p30x = _mm_add_ps(_mm_mul_ps(alpha,p20x),
_mm_mul_ps(beta,p21x));

const sse_t p21x

dest.Nu_dist[3] = p30x;

/I similar for Nv_dist[i]
..

Figure 6.19: The 2D de Casteljau algorithm for subdividinghithe vertical
direction. 'alpha’ and 'beta’ are the linear factors used focomputing the
linear combinations.

Subdivision

Starting from a reduced parametric interval {imin ; Umax ], the corresponding
control point matrix needs to be computed. Therefore, two d€asteljau
subdivisions are executed using the code shown in Figure 6.19.

Note that the linear factors used for the linear combinations ithin the

de Casteljau algorithm need to be adjustedun,y ,1j Umin for the rst sub-

division, and % for the second subdivision.
. i
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Step | CPU Cycles
Initialization 3D to 2D 74
Origin Test 70

Computing L, and L, 50
Computing Convex Hull || 218
Subdivision 100 (200)

Table 6.4: Average number of CPU cycles for each of the core rapens
for Bgzier clipping. The two most expensive operations atke determina-
tion of the convex hull including intersection computatignand the related
subdivision. Note that subdivision in 'u’ direction requies additional shuze
instructions, thereby roughly doubling the costs.

6.6.3 Discussion

Table 6.4 shows the average number of cycles for di®erent coperations.
Almost all core operations require less than 100 cycles. The castparticu-
lar, for computing the convex hull and for patch subdivision, euld be further
reduced as soon as processor architectures o®er better suppmrhbrizontal
and shu2e operations.

The B%®zier clipping algorithm in its original form does notdepend on an
additional per-patch spatial index structure as required byhe Newton itera-
tion. Similar to the uniform re nement approach, it only recuires the original
control point matrix, which makes it very memory excient. Ne\ertheless, the
B®zier clipping algorithm could also bene t from a patch aederation struc-
ture to speed up convergence. Restricting the parametric stamy domain
associated to an index structure entry would immediately red@cthe number
of required iterations.

Another dizculty is that the B®zier clipping algorithm is rather sensitive
to the relation of the two linesL, and L. Ideally, these two vectors should be
perpendicular to each other. In practice, however, the arglbetween them
can be rather small. In this case, only a low reduction of the pametric
domain can be achieved, resulting in an increased number ofrdagons. It
would be interesting to implement the approach proposed by Efmov et
al. [Efremov05] for computing more suitablé, and L, vectors.

6.7 Summary of Intersection Algorithms

Except for the standard Newton iteration-based intersection, ane of the de-
scribed approaches depend on an additional per-patch spatiatlex structure.
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However, B®zier clipping or Newton iteration using the Krawgk operator
might bene t from a structure of this kind. Such an index structire would
restrict the parametric starting region, thereby improving onvergence of the
intersection algorithm. Moreover, if an intersection algothm requires many
iterations before pruning a patch, a per-patch index structte can help to
perform the pruning test earlier (in the traversal phase). On th other hand,
the increased number of traversal steps and memory accesses caseb®e
bene t gained from a higher convergence speed.

Pro Ting tools such as VTune [Intel04] show that for all approalees which
do not rely on additional spatial index structures, the interseiion sequence
is compute-bound. A stack of subdivided patches (or parametrintervals),
as required by most approaches, comprises only a few KB. Themefostack
data completely resides in the cache hierarchy.

The only point where cache misses appear is the point of accesgmadch
data. However, most of those (L2) cache misses can be avoided byfguehing
data for the subsequent patches while intersecting the curremne. Since
the memory latency is usually smaller than the costs of patch iatsection,
memory prefetching works very well in this situation.

Comparing the implementation complexity of the di®erent itersection
algorithms shows that the intersection based on uniform re neamnt employ
the shortest core routines and the simplest control °ow. A slighyl more
complex algorithm is the Newton iteration with an additional spatial index
structures over sub-patches, while B®zier clipping is the mosbmplex in-
tersection algorithm. Newton iteration using the Krawczyk opeator is as
complex as B®zier clipping. Whenever short construction ties are manda-
tory, e.g. for supporting dynamic scenes (see Chapter 7), one glibchoose
an intersection algorithm that does not depend on additiongber-patch spa-
tial index structures. Furthermore, if limited accuracy is aceptable, uniform
re nement typically provides the highest performance (see &#on 6.10). For
actual performance statistics for ray tracing complete bicub Bgzier scenes,
see Section 6.10.

When it comes to supporting ray bundles, uniform re nement anilewton
iteration with a sub-patch spatial index structure provide a staightforward
extension. Integrating ray bundles into Bgzier clipping isnore dixcult be-
cause the subdivision has to be done on a per ray basis. Moreoveezigf
clipping requires numerous temporary data updates, which ditcult to re-
alize for many rays in parallel. Therefore, it is likely thatthe bene t of
computing the intersection for multiple rays in parallel wil be o®set by the
additional overhead.

For a Newton iteration-based intersection algorithm using the Kawczyk
operator the support of ray bundles is non-trivial. As each rayses its own
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parametric interval, the patch clipping step must be performe individually
for each ray.

On the other hand, it might be bene cial to split the intersectbn algo-
rithm into a serial and a parallel part: This means evaluatinghe Krawczyk
operator for each ray in a serial process, but performing the cputation for
the subsequent Newton iterations in parallel.

6.8 Spatial Index Structures for Patches

Having a fast primitive intersection code is only a rst step, beaase typical
scenes are comprised of many primitives which will require trenstruction
of a spatial index structure to reduce the number of ray-patchntersection
tests per ray. Compared to a simple ray-triangle intersectiorthe cost for
a ray-patch intersection is signi cantly higher. This means hat a small
number of ray-patch intersection tests per ray is essential fochieving high
performance, which puts certain quality requirements on # spatial index
structure used. In the past, researchers mostly used bounding voia hi-
erarchies [Rubin80, Kay86, Haines91, Smits98] as the spatialcaleration
structure for reducing the number of ray-patch intersectiondsts. Because of
the very fast traversal code (see Chapter 4) and its adaptationbdity with
respect to geometric distribution, a kd-tree is chosen as the 4 index
structure.

A kd-tree over patches is built based on the axis-aligned bouimd) boxes
(AABB) for each patch, ignoring the patch shape itself. Even thogh this
simpli cation is less accurate, it is both simple and fast. To erdnce the
quality of the kd-tree, a surface area heuristic (SAH) [Havran01yald04,
Benthin04] is applied to carefully position the splitting plane. This results
in better quality (fewer intersection tests per ray), compare to a standard
kd-tree construction algorithm. For a more detailed discussioof how to
construct kd-trees out of axis-aligned bounding boxes, see Sent7.1.

6.9 Trimming Curves

Trimming curves are a common method for overcoming the topmdically
rectangular limitations of patches. Trimming curves, which g de ned in
two-dimensional parameter space, are mostly used when designeish to
cut out sections from patches.

Similar to the conversion of NURBS to bicubic B§zier patches (seSec-
tion 6.2), an arbitrary source representation for a trimming arve is converted
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v

Figure 6.20: Example trimming curve consisting of three bibic B&zier seg-
ments. For each segment the axis-aligned bounding box (mdrkéue, green,
and gray) is used as the construction primitive for the kd-tee The kd-tree
as the spatial index structure allows for reducing the numbef potential
segments which are passed to the ray-segment intersectiost.tdn order to
determine whether a given point is inside (outside) a trimmg curve, the
number of intersections between a virtual ray (marked red)nd the trim-

ming curve segments is counted. In the case of an odd (even)ner, the
corresponding point is inside (outside) with respect to theurve.

to a sequence of bicubic B®&zier curve segments. Restricting ttegree of the
curve to three allows for a fast and less complex implementatio

Trimming curves have two important properties: they are cloge and
they must not overlap. Exploiting these properties allows foconstructing
a trimming curve hierarchy. Additionally, each trimming curve saves its

orientation, which de nes whether the inside or outside (withrespect to the
curve) has to be removed.

In the case one or more trimming curves are attached to a giveratgh,
and the corresponding ray-patch intersection returns a hit,lte parametric

hit coordinates are passed to a trimming curve (hierarchy) testlf a trim-
ming curve hierarchy exists for the given patch, the hierarghis traversed
as described in [Martin00]. An intersection point lies inside (dside) with

respect to a given trimming curve, if the number of intersectits, between
a ray starting from the intersection point towards a point outsile the trim-

ming curve, is odd (even). The task is therefore to count the tersections
between a \virtual ray" and the underlying bicubic B&zier sgments. In order
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Figure 6.21: A set of test scenes that have been converteaibtcubic B§zier
patches. The number of B§zier patches & for the \Teapot”, 915 for the
\Head", 20; 257 for the \VW Golf" and 1;160for the \Stingray". The \VW
Golf" scene contains8150trimming curves, corresponding tdl19 580bicubic
B®zier curve segments.

to speed up intersection calculation, a two-dimensional kd-e is constructed
over all segments. This allows for reducing the number of potiga segments
that need to be tested for intersection. For the actual kd-treeonstruction,
a similar approach as for patches is chosen: The axis-alignedubding box
(now in 2D) of each curve segment is used as construction prinviéi (see
Figure 6.20). In order to compensate for the coarser hull appdmation, an
SAH is applied to improve kd-tree quality. For the real ray-cwe intersec-
tion test, any of the algorithms shown in Section 6.2 is suitableTypically,
uniform re nement with a xed number of re nement steps o®ersuzcient
speed and accuracy. As all operations are now performed in 2Dughly 30%
of the respective core routine costs are saved as compared to tperation
costs in 3D.
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6.10 Results

This section will provide performance statistics and analysesifray tracing
bicubic B®zier scenes. For testing purposes, four scenes withed&t com-
plexity have been used (see Figure 6.21). Note that only the \VW GO
scene contains trimming curves.

Comparing the di®erent intersection approaches is dixcultThis is espe-
cially true when it comes to comparing uniform re nement wit approaches
based on analytical solutions. Therefore, the algorithmic ahgsis is split into
two parts: The rst part covers intersection for uniform re nenment while the
second part deals with the analytical algorithms.

Regardless of the intersection algorithm, ray tracing of Bfer patches re-
quires less time in kd-tree traversal than for triangles. Everf an additional
index structures over sub-patches is used, typically only 2B% of the time
for tracing a single ray is spent in kd-tree traversal, while rapatch intersec-
tion takes up 70-80% of the time. The performance impact of $atraversal
code is therefore less than for ray tracing triangles (typidis traversal 70%,
intersection 30%). The simple reason for this is that total pedrmance is
exclusively determined by the intersection step. Even thoughhe cost for
intersection already starts to dominate even in the triangle ase, for Bgzier
patches the cost discrepancy between traversal and intersectis even more
signi cant. In the case no sub-patch index structures are used, a#ree over
patches is shallower as compared to the triangle case. This riéssun 40-50%
fewer traversal steps in total, additionally shifting the dommating cost factor
towards intersection.

Rays || Teapot | VW Golf | Head | Stingray

1 378760| 704965 | 219687| 440892
16 6.71% | 10.21% | 10.6% | 8.74%

Table 6.5: Average number of patches loaded per frame at aotetion of
64CQE 480 casting only primary rays. Compared to tracing single raysrdcing
ray bundles of sixteen rays reduces patch accesses to less 26 of the
number for individual rays.

Extending single ray traversal to ray bundle traversal allowsolr exploiting
the same bene ts as those of the triangle case. In particular, wfast traversal
code can be reused directly. Only the code for triangle interst@ns has to be
replaced by patch intersection code. Moreover, a similar banitth reduction
as for triangles can be achieved, because neighboring rays kkely to access
the same patches. The loaded patch data can therefore be reusaddil rays
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within the bundle. This reduces the total number of patch acesses per frame,
and therefore the required bandwidth to memory. Table 6.5 sk that for
4 £ 4 ray bundles, the bandwidth required for loading patch dataan be
reduced to less than 10% of the original amount. For scenes wiklditional
sub-patch index structures, the reduction is typically smalledepending on
the depth of the sub-patch index structure).

Teapot
. VW Golf
~. Head -
Sr Stingray

frames per second

refinement steps

Figure 6.22: (Single ray) performance (in fps) for B&zier scas as a function
of the number of patch re nement steps. Each re nement stepreesponds to
a de Casteljau subdivision step in one of the two parametrigettions. All
experiments were performed at a resolution @40£ 480 pixels on a single
Pentium-1V 2.2 GHz processor. Usinglj 6 re nement steps, an intersection
based on uniform re nement is able to achieve interactive fiermance on a
single processor.

6.10.1 Uniform Re nement Results

In order to demonstrate the impact of an increasing re nementelel, Fig-
ure 6.22 illustrates the performance in frames per second fdi four test
scenes, casting a single primary ray per pixel. All tests were run @nsingle
Pentium-IV 2.2 GHz processor at a resolution of 640 480. Even for a high
number of re nement steps, interactive performance is reaéd. The achieved
accuracy depends to a great extent on the patch shape itself, thior most
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Rays | Teapot| VW Golf | Head | Stingray
1 2.0 1.01 3.23 | 1.89
16 16.14 | 5.72 12.93| 9.02
Speedup| 8.07x | 5.67x 4.0x | 4.77x

Table 6.6: Performance comparison between tracing singlays and tracing
bundles of sixteen rays, in frames per second. All scenes agmdered at a
resolution of 640£ 480 casting only primary rays and with a re nement level
of 4. Tracing ray bundles of sixteen rays results in a speedup facbf 4 8,
compared to tracing single rays. For the \VW Golf" scene, no aluation of
trimming curves has been applied.

applications a re nement level of 4 6 already provides smooth surfaces.

To further improve performance, the single ray intersectionaze was ex-
tended in order to support ray bundles. Uniform re nement, in peicular,
can bene t enormously from ray bundles because the patch subidion cost
can be ezxciently amortized over all rays within the bundle. Ador the tri-
angle case, a bundle size of 16 rays has been found to be most beiaé

A comparison between the fastest code for tracing single rays atitk
fastest code for tracing ray bundles shows that a speedup factdrdj 8 is
achieved through bundling (see Table 6.6). By increasing cakace within
the ray bundle, e.g. by rendering at resolutions higher thand® £ 480, this
factor can be increased even further.

Rays | Teapot | VW Golf | Head | Stingray
640£ 480 8.07 5.67 4.0 4.77
800£ 600 8.25 6.61 4.48 5.17
1024£ 1024 8.6 8.42 5.64 6.28
1600£ 1200 8.7 8.5 57 6.41
Speedup 7.8% | 49.91% | 42.5%| 34.38%

Table 6.7: Speedup improvement for tracing ray bundles coangd to tracing
single rays with increasing resolution. The more coherent éhrays are, the
higher the speedup improvement (up #9.91%).

Table 6.7 shows the increase of the speedup factor for all test seemvhen
rendered at di®erent resolutions. At a resolution of 10241024, the increased
coherence within the ray bundle results in a 491% speedup as compared to
rendering at a resolution of 64& 480.
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Higher coherence does not only a®ect traversal performancd,above
all, intersection performance. The more coherent the rays erthe higher
the decision coherence within uniform re nement. The largegierformance
gain is achieved for the \VW Golf" scene because the scene considtsnany
small patches which negatively impact decision coherence kit traversal
and intersection when rendering at low resolutions.

As a result, intersection based on uniform re nement is able to fiy ex-
ploit ray bundle coherence. If high accuracy requirementsenot mandatory
(depending on the scene), a fast uniform re nement implemerttan is able
to provide interactive performance even on a single processor.

6.10.2 Analytical Intersection Results

As analytical intersection algorithms iteratively convergeto the right so-
lution, a xed accuracy threshold is used. More precisely, if aomputed
solution yields an error which lies below a prede ned valuehé solution is
accepted as valid.

Rays | Teapot | VW Golf | Head | Stingray
Patches 32 20,257 915 1160
Sub-patches|| 2016 255,188 | 15,538 | 4,650
IRays 273,663| 215,821 | 151,365| 252,399
TSteps 23.59 35.11 35.70 22.88
Pl/IRay 1.01 2.33 1.67 1.51
NI/IRay 2.59 8.04 5.61 4,93
fps 2.5 1.35 2.4 2.0

Table 6.8: Single ray statistics for Newton iteration-baskeintersection using
an additional per-patch index structure to restrict the pametric search do-
main. Only suzciently small parametric domains (sub-patcbs) will ensure
convergence of the Newton iteration. Compared to the origihnumber of
patches, the number of sub-patches is increased by a factbd ¢o 60. Each
ray invokes roughlylj 3 intersection steps, resulting in2j 8 Newton iter-
ations per ray. All scenes were rendered at a resolution 640£ 480 0n a
Pentium-1V 2.2 GHz, with an accuracy threshold ofE j 3. \IRays": number
of rays that performed an intersection step,"TSteps": requed traversal steps
per ray,\Pl/IRay": number of patch intersections per \IRay", \ Nl/IRay":
number of Newton iterations required per \IRay".

Table 6.8 shows statistics for a Newton iteration-based patch ietsec-
tion. For this case, the kd-tree is constructed over sub-patcheo restrict the
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parametric search domain. The Newton iteration will only corsrge if the
parametric starting region is suzciently small. As convergencdepends to a
great extent on patch curvature, a simple criterion based on thdeviation to
a bilinear patch is used to terminate the generation of sub-peties. Depend-
ing on the scene, 4 to 60 times more sub-patches than patches éndw be
created in order to ensure convergence. Note that for sub-paes) no actual
patch data needs to be stored, but only a reference to the cosponding
parametric domain as well as a reference to the original p&tcata. All re-
quired information can be exciently stored in a 32-byte struaire [Geimer05],
requiring 7:78 MB of additional storage space for 21821 sub-patches of the
\VW Golf" scene. As the kd-tree is constructed over sub-patches, écorre-
sponding storage space increases fromi8 MB for 20,257 patches to 6236
MB for 255; 188 sub-patches.

As illustrated in Table 6.8, one ray requires an average of 2285 traversal
steps and J 3 intersection tests. Each intersection step requires at least one
Newton iteration, resulting in 2j 8 Newton iterations per ray on average.
Given the small number of required iterations and the impactfahe excient
SSE implementation (see Section 6.4), interactive performee even on a
single processor is achieved.

Rays | Teapot | VW Golf | Head | Stingray
Patches | 32 20257 915 1160
IRays 273,663| 215,821 | 151,365| 252,399
TSteps 10.22 24.64 23.12 16.63

Pl/IRay 131 3.26 2.08 1.71
BC/IRay || 9.96 2.03 2.31 2.48
fps 0.8 1.25 2.37 1.73

Table 6.9: Single ray statistics for B&zier clipping-badantersection. Each
ray invokesli 3 intersection steps, resulting in2j 10 B®zier clipping steps
per ray. All scenes were rendered at a resolution @40£ 480 on a 2.2
GHz Pentium-IV, with a solution accuracy oflE j 3. \IRays": number

of rays that performed an intersection step, \PI/IRay": numbe of patch

intersections per \IRay", \BC/IRay": number of B®zier clipp ing iterations

required per \IRay".

Intersection based on B%®zier clipping, as illustrated in Tabl6.9, does not
depend on additional data structures in order to ensure conwggnce. As a
result, the kd-tree is signi cant smaller, resulting in up to 50%ewer traver-
sal steps compared to the sub-patch-based intersection. For moseses,
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only 2j 3 B%zier clipping iterations are required. As with Newton itetion-
based intersection, the \Teapot" with its highly curved patcles requires sig-
ni cantly more iterations (more pre-subdivisions) than all oher scenes. A
performance comparison between the two intersection apprdess shows that
the costs for Bgzier clipping cannot be compensated for by tksenaller num-
ber of traversal steps. B®zier clipping provides a slightly l@v performance
than Newton iteration-based intersection but, on the other had, requires no
additional spatial index structures.

Rays | Teapot | VW Golf | Head | Stingray
Patches 32 20257 915 1160
IRays 273,663| 215,821 | 151,365| 252,399
TSteps 10.22 24.64 23.12 16.63
Pl/IRay 1.31 3.26 2.08 1.71
KI-Clip/IRay 12.76 | 6.01 453 | 4.65
Kl-Interval/IRay 44 .23 22.82 14.49 14.89
NI/IRay 0.53 1.76 0.87 0.83
fps 0.21 0.25 0.52 0.43

Table 6.10: Single ray statistics for Newton iteration-b&sl intersection using
the Krawczyk operator. All scenes were rendered at a resotutiof 640£ 480
on a 2.2 GHz Pentium-1V, with a solution accuracy oflE j 3. \IRays":
number of rays that performed an intersection step, \PI/IRay": rumber of
patch intersections per \IRay", \KI-Clip/IRay": number of Kr awczyk opera-
tor evaluations per \IRay", using a clipping operation to corpute the inter-
val extension of the partial patch derivatives,\Kl-IntervallRay": number of
Krawczyk operator evaluations per \IRay", using pure interviaarithmetic to
compute the interval extension of the partial patch derivags, \NI/IRay":
number of Newton iterations required per \IRay".

Table 6.10 shows statistics for Newton iteration-based intersech using
the Krawczyk operator. The algorithm does not rely on addibnal per-patch
spatial index structures, which implies the same number of traveal and
intersection steps per ray as for B®zier clipping. In terms aferations for
the Krawczyk-Moore test, the higher accuracy of the intervagxtension of the
partial derivatives makes for a reduction of up to a factor ofour as compared
to using pure interval arithmetic.

As the \Teapot" scene contains highly curved patches, the Krawyk
operator using clipping operations still needs over 12 iteriains per ray, as
compared to 4i 6 for the other scenes, to provide safe starting intervals.
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Moreover, the safe starting intervals are typically very smalivhich allows
for fast convergence of the Newton iteration. For the four test soes, only
0:5) 2 iterations per ray are required in order to compute the naintersec-
tion. However, total performance is lower than with the standal Newton
iteration-based algorithm. The reasons behind the lower permance are the
costly operations required for evaluating the Krawczyk opeator. Further op-
timization should thus concentrate on reducing the cost for #se operations.

As only the \VW Golf" scene includes trimming curves, the impact 6
trimming curve evaluation could only be measured for this scen Depending
on the view, additional trimming curve tests cause a total pedrmance de-
crease of 19 30% (compared to the performance statistics of Tables 6.8, 6.9
and 6.10).

Extending ray-patch intersection algorithms to exciently sypport ray
bundles is ditcult. Certain algorithms, e.g. Bgzier clippig or Newton it-
eration using the Krawczyk operator, cannot be easily extenddo exciently
support ray bundles because these algorithms require many cde¥popera-
tions as well as a complex control °ow. Implementing these ogaions for
ray bundles is likely to introduce additional implementaton overhead. This
is not the case for the standard Newton iteration-based interseoh. Ta-
ble 6.11 illustrates statistics for 26 2 ray bundles using standard Newton
iteration-based intersection. At a resolution of 1024 1024, ray bundles al-
low for achieving a speedup factor of:38 to 213, compared to tracing single
rays. An interesting point is that the number of iterations for iy bundles is
only slightly increased, even though the exit point is not take unless all four
rays ful Il the exit criteria. This indicates high decision @herence within the
algorithm.

The speedup for ray bundles could be even higher, but the smailimber
of registers and the limited °oating point capability of curent CPU architec-
tures have a negative impact on intersection performance. €hke limitations
signi cantly a®ect bundles larger than Z 2 rays. For such larger bundles,
standard Newton iteration-based intersection is sub-optimal. df every ac-
cessed sub-patch, a complete intersection test for all rays withthe bundles,
has to be performed (as long as not all bundles have a valid @msection).
Many small sub-patches (caused by patch curvature), increaseettprobabil-
ity that a high number of sub-patches, will need to be accessed,tiirll rays
within the bundle have found a valid intersection.

Assuming future CPU architectures will have a higher number ofgisters
and a improved support for °oating point computations, a Newtoriteration-
based intersection algorithm using the Krawczyk operator mighthen be
bene cial. The Krawczyk operator would return, for each raywithin the
bundle, either a valid starting interval or the statement that the ray will
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Rays | Teapot | VW Golf | Head | Stingray
TSteps 26.71 | 35.33 35.67| 20.83
Pl/IRay 1.25 2.47 1.71 | 1.66
NI/IRay 3.28 8.31 5.29 | 5.19
fps 0.68 0.41 0.56 | 0.54
TSteps 2£ 2 26.62 | 35.41 32.69| 20.9
Pl/IRay 2 £ 2 || 1.35 3.11 204 | 191
NI/IRay 2 £ 2 || 3.76 11.5 5.29 |6.40
fps 1.45 0.65 0.93 | 0.98
Speedup 2.13x | 1.58x 1.66x | 1.81x

Table 6.11: Comparison of Newton iteration-based interg@n for single rays
against bundles oR £ 2 rays. All scenes were rendered at a resolution of
1024£ 1024 with a solution accuracy oflE | 3. Even though the exit point
within the Newton iteration is not taken unless the criteria @ ful Tled by all
four rays, the required number of Newton iterations is onlyightly increased.
Therefore, a performance speedup factor 4f58to 2:13is achieved, compared
to casting single rays.

miss the patch. Because of the complex control °ow, it might pk@ useful to
perform these operations sequentially. The result of this opsion sequence
would be an array of starting intervals as well as a bit-mask tondicate

whether a ray will intersect a given patch or not. Based on theseales a
parallel Newton iteration could be performed for all rays whin the bundle.

The iteration would stop once allvalid rays (for which a safe starting region
has been identi ed) indicate a valid intersection.

Obviously, all traversal algorithms from Section 4.2, e.g. deicing traver-
sal steps by nding better kd-tree entry points, could be applié here. How-
ever, most of the total time is spent in intersection, which lints the positive
impact of a smaller number of traversal steps. The main goal shoulderefore
be to further optimize intersection.

6.11 Application

Computer-Aided Design and Virtual Reality are becoming increangly im-
portant tools for industrial design applications. Large and lgh-end engi-
neering projects, in particular, such as cars or airplanes, aedready being
designed on an almost entirely digital basis, as the cost for buildy physical
mockups of such objects is very high.
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Figure 6.23: Top left: Mercedes C-class model directly exped from a CAD

system and converted int@19 340 bicubic Bgzier patches and:46 million

(bicubic B®zier) trimming curves. The patches are ray tradedirectly without
triangulation. Top right: In order to illustrate the complexity of the Mercedes
model, a random color is assigned to each patch. Center lefthe model
with advanced shading for glass and car paint, combined wghrrounding
geometry and an HDR environment map. Center right, Bottom fe Bottom

right: Close-ups demonstrating the high geometric accuyatecessary for
high-quality visualization of smooth surfaces.
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CAD engineers work on the raw geometric data of the model, usbal
using freeform data such as NURBS surfaces [Piegl97]. In order tdisly
the requirement of interactivity, practically all of today's virtual reality (VR)
systems are built on triangle rasterization hardware. With thé, however,
rendering complete models with high geometric accuracy i®tnpossible, as
freeform surfaces usually cannot be rendered directly, andehmumber of
triangles generated by a high-quality tessellation is in therder of tens of
millions of triangles.

The process of tessellating freeform models, which consists ofvasting
them rst to triangles and subsequently carrying out a simpli cdion step,
is currently state-of-the-art in the industry. However, this gproach has
two important drawbacks: First, only limited geometric accuacy is achieved
and, second, preparing these special VR models takes time, so s of
the original model may take up to several days before they carelshown in
a VR presentation. This often leads to decision makers lookind autdated
model variants.

Thanks to the seamless integration of fast intersection implemttions
for freeform surfaces (see Chapter 6) into the ray tracing fraemwork, it is
now possible to deliver the level of interactive performancehich is required
for VR systems. Moreover, ray tracing-based rendering algoritherallow for
achieving higher shading quality than rasterization-based VR syems could
provide.

Figure 6.23 shows examples of a ray tracing-based VR system whid¢h u
lized the fast freeform ray tracing code from Chapter 6. The nu®l consisted
of 69067 NURBS surfaces and 39291 2D NURBS curves forming 7.349
trimming curves, directly exported from a CAD system. The 62067 NURBS
surfaces were converted into 30895 B®zier patches of arbitrary degree. In
order to fully exploit the fast patch intersection code of the pevious sec-
tion, a patch degree reduction was applied, yielding 31340 bicubic B§zier
patches. Degree reduction was applied in a similar way for th©2NURBS
curves, resulting in 146 million bicubic B&zier curves, i.e. 5 trimming curves
per patch. Besides the geometry itself, extremely complex shad, e.g. so-
phisticated car paint or glass shading, was applied to providesanuch realism
as possible.

A cluster of 15 dual-processor PCs (a mix of 3.0 GHz Intel Pentium-
IVs and 2.4 GHz Opterons) was used to provide enough compute power
for performing all ray tracing and shading tasks at interactie rates (see
Chapter 8). This setup allowed for achieving high-quality nedering with a
frame rate of up to 10 frames per second, at a resolution of 68380. As
the underlying shading system only supports single rays, neitheay bundle
traversal nor ray bundle intersection were used.
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Apart from the direct support of CAD data, the ray tracing-based VR
prototype system shows the advantage of a decoupled ray traciagd shading
process. The complete shading framework, in particular, is fulindependent
of the underlying geometry and was developed using triangulanodels. In
order to render bicubic Bgzier patches, only the underlyingore ray tracing
algorithm had to be extended to support patches.

6.12 Conclusions and Future Work

This chapter has shown that by optimizing algorithms and adajng them
to the underlying processor architecture, interactive ray tacing of freeform
surfaces can be realized even on a single processor. However, fhighly
accurate analytical solution, the computing power of a singlprocessor is
not enough in order to provide high frame rates. If future progssor archi-
tectures provide improved support for SSE execution, e.g. meoregisters and
execution pipelines, all proposed intersection algorithms Wbene t directly.
Even though Newton iteration-based intersection using the Krasezyk op-
erator is the slowest algorithm, it has the important advantag of providing
reliable results. Therefore, future implementations need timcus on speeding
up this algorithm. It should be particularly interesting to nd other more
excient ways to compute the interval extension of the partialderivatives,
which is currently the limiting factor. If the patch clipping operation can be
avoided, the algorithm will allow e+cient implementation for ray bundles.



Chapter 7
Dynamic Scenes

Apart from the ray tracing computation itself, the time required for pre-
processing scene data is often ignored. The most time-consumirgytpof
preprocessing scene data is usually taken up by the constructiofh gpa-
tial index structure(s). For traditional high-quality o®-line ray tracing, the
spatial index is built from scratch for every frame. Constructin costs in par-
ticular are usually amortized over the number of rays shot. Fanigh-quality
rendering, the shading operations and the number of rays shoteahigh. As
a result, the cost for construction is negligible. The o®-lineparoach allows
for supporting arbitrary dynamic scenes because reconstruatiéorcom scratch
permits arbitrary manipulation of the scene's geometry beteen subsequent
frames. Obviously, this approach is incompatible with a realne ray tracing
system.

For a realtime ray tracing system, the assumption of negligibleost for
constructing spatial index structures is no longer true. Sinceesaltime ray
tracing requires highly optimized spatial index structures, te construction
phase can take up to several minutes. This makes it impossible t@womstruct
the spatial index structure at interactive frame rates.

In order to still be able to support dynamic scenes, researchersejtO1,
Wald03b, Wald04] have restricted the manipulation to applyig hierarchical
atne transformation to rigid bodies. This approach is suitablebecause for
most applications large parts of the scene remain static, whitl/namic parts
are only manipulated by atxne transformation. Therefore, thegeometric
primitives which undergo dynamic manipulation are classi edccording to
their transformation behavior. Primitives that share the samdransformation
are combined into geometric objects and for each of these otiga separate
spatial index structure is built.

When the transformation of an object changes, the correspondjrspatial
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index structure does not need to be rebuilt. Instead, during &versal the
rays are transformed to the local coordinate system of the objecAs the
transformation is represented as a matrix, it can be ezcientlyealized by a
multiplication with the inverse matrix.

Wald [Wald04, Wald03b] also pointed out that the approach dictly sup-
ports multiple instantiation of the same geometric object (vthout actually
replicating the geometry). Due to the fact that an instance oly requires a
reference to the object and the corresponding transformatipit will need no
more than a few bytes of memory. If a scene can be ezxciently reggented
by instances of a set of objects, the required storage space can beeisd
magnitudes lower than without instancing [Dietrich05].

Nevertheless, hierarchical transformation only works for statiobjects. If
the geometry of the primitives changes, this approach no loagworks. This
category of dynamic manipulation is calledinstructured motion because the
underlying transformation does not follow any structure. Unstctured mo-
tion is very common in the context of games, e.g. for realizingxplosions,
surface deformations, and character skinning. The brute foragay for sup-
porting unstructured motion is to rebuild the spatial index stucture for every
frame from scratch.

As argued in Section 4.1, using a high-quality kd-tree as the dj index
structure has been identi ed as an essential component for aeking realtime
ray tracing. Therefore, the goal is to build a kd-tree as fastsapossible
but without signi cantly reducing its quality. Moreover, th e kd-tree build
algorithm should not be restricted to a certain primitive type Instead, it
should be capable of handling arbitrary types.

In the following, an algorithm is proposed that ful lls these equirements.

7.1 Rapid Construction of kd-Trees

In order to handle arbitrary primitives, a straightforward approach is chosen.
Instead of handling primitives by their geometric shape, onlyhe primitive's
axis-aligned bounding box is considered.

Constructing a kd-tree based on axis-aligned bounding boxes (A&B)
essentially avoids the handling of special cases as, for examptethe tri-
angle case. The obvious disadvantage is a coarser primitive dexausing
reduced kd-tree quality. In order to still achieve a good kdree quality (suf-
“ciently low number of traversal and intersection steps per ray a surface
area heuristic (SAH) [Havran01, Wald04, Benthin04] is used durninkd-tree
construction. Unfortunately, applying an SAH-based cost functio signi -
cantly increases building time, because for every potential Igpcandidate
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the cost function has to be evaluated during recursive constriign.
Therefore, the focus lies on a fast algorithm for building kdéees out of
AABBs using a high-performance SAH evaluation. The coding guitllees
from Section 3.2, which served to optimize kd-tree traversalnd primitive
intersection tests, can also be used in the context of fast kd-treerestruction.

7.1.1 Algorithm

One of the main advantages of using AABBs as primitives is that # num-
ber of potential split candidates for a given AABB is limited. Ore AABB
can produce one or two split candidates in each of the three ecdmate di-
mensions, according to the minimum and maximum value in the resptive
dimension. Only one split candidate is created if the AABB is plaar in
the corresponding dimension (minimum value = maximum value).In the
case of two splits, each split is marked agpened(minimum value) or closed
(maximum value), in the case of one split, it is marked aplanar.

Evaluating where to split using the SAH is straightforward: For ach split
s the cost function cost(s;) is computed which corresponds to the estimated
splitting cost at the particular position. After evaluating the cost for all
splits, the smallest cost value is compared to the cost of not splitty at
all (resulting in sequentially intersecting all remaining pmmitives). If the
cost for the best split is less than the cost for non-splitting, the wrent
voxel is splitted (the AABB spawned by all contained primitive AABBS)
at the corresponding split position. If not, a kd-tree leaf is @ated based
on the current set of primitives. Note that nding the 'best' split requires
considering all three dimensions.

The cost function cosft(s) [Goldsmith87, MacDonald89, MacDonald90,
Subramanian90b, Havran01, Wald04] itself is implemented aslibws:

SA(v;9) + Pg(s) o SAR(V;S)

SA(V) SA(V) (7:1)

cost(s) = P.(s) @

SA_. and SAgr compute the surface area of the current voxelt limited on
the left, respectively right, of the voxel by splits. The surface area of
the current voxel v is given by SA(v). The ratio Sg;i‘\f)s) of surface areas
corresponds to the probability (heuristic assumption) that a rg will inter-
sect the left voxel (with respect to splits) [MacDonald89, MacDonald90,
Subramanian90b, Havran01]. The ditcult part is to exciently compute P_
and P, i.e. the number of primitives on the left respectively rightside of
split s. Note that constant costs for intersecting each primitive are assuwed,
which permits to simplify the equation to the form as shown aba
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Figure 7.1: Example of a sorted split list. The green part shewvthe split type
(opened, planar, closed), while the red part shows the spasition. In the
case of equal positions, the splits are sorted in closed, @anopened order.
While sequentially iterating over all splits, the SAH can dictly be evaluated
on the basis of the known number of primitives to the left/rig of the spilit.
If the iteration reaches the splits with positior2:3, for example, it will rst
of all check for multiple candidates at the same position. this is the case,
the iteration stops at the rst split which is classi ed as gned. Up to this
point, two splits have been classi ed as opened, one as plaaad one as
closed, which corresponds to three primitives to the left tfe split and two
primitives to the right.

Computing P and P is simpli ed signi cantly when all possible splits
are sorted with respect to their position (in one determined diension). By
knowing the total number of splits and counting all closed, plaar and opened
splits, while sequentially evaluating the cost function for edcsplit candidate
in this ordered split list, P_. = planar + openedand Pg = splits j planar j
closedcan be easily determined (see Figure 7.1). The important poins
that this evaluation only requires one sequential pass overl gdossible split
candidates.

After determining the best split, all three split lists (which corespond
to the set of AABBs) have to be inserted in the list of the left or right
child node. An AABB will be inserted left (right) if the position of the
corresponding closed (opened) split is less (greater) than thegition of the
current split candidate. All AABBs which cannot be classi ed via ths criteria
will be included in both lists. In the special case of a planar AABB tt lies
exactly at the position of the chosen split candidate, the AABB caeither be
assigned to a xed side (with respect to the split candidate) or tohte child
node corresponding to the smallest voxel.



7.1 Rapid Construction of kd-Trees 143

struct {

float position;

unsigned int type : 2; /I the uppermost bits for the split type
unsigned int index : 30; // the first 30 bits for the AABB index
13

Figure 7.2: The 8-byte structure ezxciently represents a splicandidate for
kd-tree construction. The split types (opened, closed, antapar) are coded
using a single 32-bit integer.

7.1.2 Implementation

The split data structure consists of the split position, the split type, and the
index to the corresponding AABB. As shown in Figure 7.2, all data cabe
exciently represented via an 8-byte structure.

An AABB can produce two splits in each of the three coordinate dinre
sions, resulting in a maximum of 3 2 = 6 splits (48 bytes) per AABB.

Sorting of all splits is essential for quickly computing the costunction.
In order to avoid costly sorting in each kd-tree construction s all splits
are sorted once at the beginning of the kd-tree constructionnd the lists
of splits are kept in order during recursive kd-tree construadin. The actual
sorting is implemented by an optimized in-place quicksort rdine, which is
replaced by insertion sort once a small number of elements is chad.

The kd-tree construction algorithm consists of two steps: Creatg and
sorting the three split candidate lists and the recursive constation itself
(see Figure 7.3).

In the case of multi-threaded kd-tree construction, the splitit in each
dimension is split into sub-lists according to the number of thieds. Each
thread sorts its sub-list independently. After each sub-list hasden sorted,
the sub-lists are combined hierarchically by a merge sorting gte

Besides parallel sorting, the actual kd-tree construction stegan also be
done in parallel. At rst, a short sequence of recursive split evaations is
executed to produce an initial spatial distribution, more preisely, a set of
voxels together with a split list assigned to each of them. These gplists
do not depend on each other and the corresponding kd-trees ctlrerefore
be constructed in parallel. As the nal step, all sub kd-trees areombined
into a nal kd-tree. The resulting speedup via multi-threadedconstruction
is shown in Section 7.1.3.

A bottleneck of kd-tree construction is the required memory lbbcation
for storing the sorted splits during recursive construction. Céhg system
functions (in each recursive step) for allocating memory wadlresult in a
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[l]]- Preprocessing Step |||||

empty split candidate lists sply, sply, and spl, (index indicates dimension)

for all box bin AABB list do
insert split candidates of box b (opened+closedor planar) into split lists sply, sply,
and spl,

end for

sort each split candidate list sply, spl, and spl, according to split position

[[{ Recursive KD-Tree Building Code: build(  sply, sply,spl;) ||-
for all split candidate list spl of sply, sply and spl, do
# opened= 0 // number of opened splits
# closed= 0 // number of closed splits
# planar = 0 // number of planar splits
for all split candidate s of split candidate list spl do
increase #opened # closed or # planar according to split type of s
eval cost function cost(x) for s according to #opened # closed and # planar
if cost(s) < cost(bestsplit) then
bestsplit = s
end if
end for
end for
if cost(bestsplit) < COST _FOR_LEAF then
for all split candidate list spl of sply, spl, and spl, do
split spl according to bestsplit into two splier; and splyignt
end for
build(spliest ; x» SPleft ; y.SPleft ; 2) // continue recursively
build( splright ; x, SPlight i y, SPlight ; z) // continue recursively
else
create leaf
end if

Figure 7.3: Rapid kd-tree construction algorithm based orxs-aligned bound-
ing boxes. The algorithm basically consists of two steps:ri8w of all po-

tential split candidates (required for fast SAH evaluation and the recursive
construction process itself. The ordered split candidatésts allow for per-

forming the SAH evaluation of split candidates with linearaenplexity. As

the sorting complexity isO(n log n) (quicksort) and the build complexity is
O(nlog n), the total complexity of the algorithm igO(n log n).

signi cant performance drop. Therefore, a carefully writta memory pool
implementation, using a certain amount of pre-allocated meony allows for
handling split lists with almost no costly system calls.
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Figure 7.4: kd-tree construction time with an increased nuber of primitives.
Even when using costly surface area heuristics for deternrmgi the best split
plane, the highly optimized implementation allows for camscting the kd-
tree for 10Q 000 primitives in less than half a second when distributing the
work among two threads. Note that due to memory caching e®gtite multi-
threaded construction shows even a superlinear speedup.

7.1.3 Results

An optimized implementation of split sorting, cost function evéuation, split
list partitioning, and leaf creation makes it possible to constrct scenes con-
sisting of thousands of primitives within a fraction of a second.

Figure 7.4 shows the construction timings in relation to an ineasing
number of primitives (bicubic B®zier patches). Even with 1@ 000 patches,
the implementation requires only one second for the complet®nstruction
process. When distributing the construction work among two thrads (dual-
processor PC), a signi cant reduction of up to 50% can be achielie Note
that the multi-threaded timings still include thread creation time.

Applying ray-patch intersection that does not require an addional spa-
tial index structure per-patch, e.g. an intersection based onniform re ne-
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ment (see Chapter 6), allows for arbitrary dynamic manipulaon by simply
transforming the patch control points. In terms of complete Bfier scenes,
one simply needs to reconstruct the kd-tree over the correspang patches.

Figure 7.5: Combining the tracing of ray bundles for B§zigratches with fast
kd-tree construction allows for exciently handling even copletely dynamic
scenes with arbitrary movement. This scene consists D44 cones, each cone
consisting of 4 B%zier patches (576 patches in total). Thelkree over all

patches is rebuilt from scratch for every frame. On a 2.2 GHzeRtium-1V,

it runs with 6:6 fps at a resolution of800£ 60Q

Figure 7.4 shows that even kd-tree reconstruction of 2000 patches re-
quires less than 100 milliseconds. In order to demonstrate thigw feature,

a waving eld (see Figure 7.5) of 1Z 12 = 144 cones was created, which is
rebuilt from scratch for every frame. A build time of only a fewmilliseconds
leaves enough time for ray tracing this fully dynamic scene thi6:6 fps on a
2.2 GHz Pentium-1V processor.

Apart from completely dynamic scenes, the startup time for higlyl com-
plex scenes can also be signi cantly reduced. Figure 7.6 showsaati cial
cube of 32768 teapots. Each teapot consists of 32 patches, corresponding
to a total of 1;048 576 patches. Even for this huge number of patches, a
multi-threaded kd-tree construction makes it possible to achve an almost
immediate startup time of 442 seconds. Thanks to the ray bundle techniques
of Chapter 6, this huge amount of patches can be rendered wisb fps at a
resolution of 80CE 600.

Applying the fast kd-tree construction algorithm to triangular scenes
shows that the total rendering performance is reduced by abt20; 40% com-
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Figure 7.6: With coherent ray bundles, even huge scenes aft &xample,
32, 768 teapots ;048 576 patches) can be interactively ray traced a2 fps
at a resolution of 800£ 6000n a 2.2 GHz Pentium-1V. With multi-threaded
kd-tree construction the startup time for this scene is reded to less tharb
seconds.

pared to high-quality triangular-based kd-tree constructia [Wald04]. How-
ever, compared to the construction time of the high-quality &-tree, a 10
to 20 times faster construction is achieved, even when using pithe single
threaded version. As for B®zier patches, the fast kd-tree consttion makes
it possible to ray trace fully dynamic scenes of several thousandangles.

Analyzing the fast kd-tree construction code using pro ling tots such as
VTune [Intel04] shows that for an increasing number of primities (measured
from 16,384 to 1 040 576), the sorting of split candidates takes up 30% to
35% of the total construction time.

As shown in Figure 7.4, the construction time is almost linear inhe
number of primitives. Usually, one would expect an increase in mstruction
time if the working set becomes larger than the L2 cache size. Hover, even
with hundreds of thousands of primitives, the major amount oflie working
set can be held in the CPU cache hierarchy. Moreover, the wonlj set can
be loaded very quickly into the cache hierarchy because the seqtial access
pattern of SAH evaluation and split sorting is very suitable for he built-in
hardware memory prefetcher.

The actual bottlenecks of the code (measured by VTune) are Ided in
the evaluation of the SAH and the sorting of splits according tohte chosen
split candidate. As a split is a compound data type (position andype),
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a split comparison typically performs multiple branches. Thexfore, split
sorting involves a large number of mis-predicted branches. laims of further
optimization, one has to lower the amount of mis-predicted lanches rst.

Removing branches by Boolean expressions might be a good salutio this

problem. Evaluating the SAH for multiple split candidates in @rallel using
SIMD instructions could further reduce the number of mis-predted branches
and additionally increase the SAH split evaluation throughput As a result,

further low-level code optimizations could provide a signcant speedup of
performance.

7.2 Conclusions and Future Work

Multi-core CPUs will make it possible to exciently construct kdirees using
multiple threads. The current implementation already suppds two threads,
where both of them are used for the split sorting step and the consittion
process. For the latter, the two threads start working indeperghtly once
the split candidate list has been sorted according to the rst chsen split
candidate. In the case of multiple threads, the split candidatéists have to
be sorted multiple times in order to provide a working set for ez thread.

The time for generating the working sets might be further redeced by
using either a hierarchical startup, where one thread starts wvsub-threads,
or an initial spatial sorting. A regular grid structure could beused as initial
spatial sorting, permitting the sorting step to be performed ver quickly.
The number of non-empty grid cells would correspond to the itial number
of working sets, which can be directly assigned to the set of consttion
threads.

Obviously, not all objects have to be reconstructed for everydme. If
no ray accesses the object, the spatial index structure does natad to be
rebuilt. In the case a ray accesses the bounding box of an objexsimple test
could be performed if the index structure has already been WiuiMoreover,
the rapid kd-tree construction algorithm could also be used fadaptive kd-
tree construction [Havran01]. The idea behind adaptive kd-&re construction
is to build the kd-tree on the °y during ray traversal. The morerays hit a
given object, the ner the corresponding kd-tree must be built
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Distributed Coherent Ray
Tracing on Clusters

8.1 Introduction

Even though the compute power of a single or dual-processor wstétion is
quite suzcient for realizing interactive ray tracing with a small number of
rays per pixel and simple shading, it is not enough for high fraenrates in
combination with many advanced shading e®ects.

In order to compensate for the need of compute power, reseanchbhave
used large shared-memory supercomputers (all processors share shme
main memory) with up to hundreds of processors. Such a hardwardigehas
allowed for \pushing" ray tracing performance to realtime lgel rates [Keates95,
Muuss95a, Muuss95b, Parker99b, Parker98, Parker99a], but thest for a
high-end supercomputer is tremendous. Because of the cost, theggh-end
systems are not very common.

On the \low-end" side, multi-processor systems [Intel01, AMDO3BMO05]
with more than two processors (or cores) are not standard and thefore
expensive. Even though this is beginning to change, arbitrigy increasing
the number of processors within an o®-the-shelf PC is often nobgsible. As
the processor and the supporting hardware have to be exclusivelgsigned for
multi-processing, \low-end" multi-processor systems are typidlg restricted
to a small number of CPUs. Unfortunately, the quality and compleity
requirements of advanced ray tracing-based rendering algbms can easily
saturate the available compute power of small multi-processor stgms.

Given the requirements of ray tracing, there is a tremendouseed for an
easy and inexpensive way to combine the compute power of sevesaiall
single or multi-processor systems. In order to keep costs low, the thmed
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of choice would be to connect the di®erent systems by inexpersi®-the-
shelf network technology. Unfortunately, this makes things ore complicated
because the total system would then be a distributed memory systeraach
desktop PC can only access its own main memory), and the interazection

framework for transferring data between the system's componsnsu®ers
from a low bandwidth and a high latency. In order to compensatéor this,

a distribution framework is required that is able to handle tle impacts of a
distributed memory environment and high latency communicabn [Wald02a,
Dietrich03, DeMarle03, Wald04, DeMarle04].

This chapter will provide a detailed presentation of the distbution frame-
work that is used within the OpenRT library [Wald02a, Dietrich03, Wald04].
The framework has been exclusively designed for exciently cbming the
compute power of a cluster of PCs, while handling all related mery and
interconnection issues.

Before giving details about the OpenRT distribution framewdk, a brief
overview of distribution strategies for parallel ray tracingwill be presented
“rst. Note that in the following a set of standard desktop PCs is redrred as
a cluster of rendering nodes.

8.2 Distribution Strategies

The main task for parallel ray tracing is to de ne a set of tasks tht can be
distributed across processors and executed in parallel. The f@mble way for
achieving the best performance is to split up the most time-consung part
of the rendering algorithm into independent tasks which candexecuted in
parallel. In terms of ray tracing, this typically means the sboting of rays.
In the following, a brief overview of typical tasks used for pallel ray
tracing [Reinhard97, Reinhard95, Chalmers98, Chalmers0%]given:

Frame Distribution: In the context of o®-line rendering, the tasks are typ-
ically de ned as complete frames. Distributing frames acrossrander
farm allows for achieving a high frame throughput, but the csts for
rendering one frame are more or less constant.

Scene Subdivision: The scene data is partitioned by spatial subdivision.
The resulting scene parts are distributed across the nodes of as-di
tributed memory system. Based on the spatial location within the
scene, the rays are transferred during traversal between the®airent
system elements. This approach allows for rendering highly cprex
scenes that exceed the main memory of a single PC, since each system
element handles only a fraction of the complete scene data. @me
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other hand, rays must be reordered (based on their location) drall
ray data has to be transferred across the network.

Image Subdivision: Due to the fact that the color of each pixel can be com-
puted independently of any other pixel, a distribution stratgy based
on image plane subdivision can be used to speedup the renderingof
single frame. In order to display the nal frame, only the compied
pixel colors need to be combined.

Looking at the distribution schemes in detail makes it clear tat not all of
them are suitable for realtime ray tracing on a distributed merory system.
A frame-based distribution would introduce a latency correspualing to the
amount of time required for rendering all distributed framesFor a realtime
system requiring immediate feedback, the approach is not aptable.

On the other hand, scene subdivision is also sub-optimal becauses th
limited bandwidth of the interconnection framework makestidixcult to
transfer data quickly. As rays typically traverse large spatiategions, many
di®erent spatial locations are accessed. Therefore, a huge antoof ray
data must be transferred between nodes. Representing a ray usyatquires
at least 32 bytes (direction, origin, intersection distance, nimitive id) and
assuming a resolution of 1028 1024 pixels and 10 rays per pixel, yields 320
MB per frame. This amount of data simply exceeds the bandwidtbf today's
interconnection techniques.

Additionally, the connection of spatial locations to nodes tgically creates
\hot spots" during ray traversal, because most of the time only a fe nodes
actually work in parallel. For example, the nodes containig the camera or
the light sources will need to handle numerous rays, thereby @@ming \hot
spots". Due to this sub-optimal utilization and the consequenyl limited
scalability, the OpenRT framework instead uses image plane subision for
task distribution.

A typical image-based distribution approach relies on indidual pixels.
For example pixeli would be assigned to node mod n, wheren is the
number of nodes. Even though the required transfer of pixel cabnates and
colors would require less bandwidth than sending ray data, ttemount is still
signi cant. Assuming two bytes per pixel coordinate yields 4 MBwithout
the actual pixel colors for a resolution of 1028 1024 pixels. Additionally,
relying on individual pixels complicates the gathering of @herent primary
ray bundles because of the spacing between pixels assigned to digaar
node.

Given bandwidth requirements, a distribution scheme with an imge
plane subdivided into rectangular tiles is more bene cial. &tangular tiles
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can be easily represented by only two 2D pixel coordinates, tleday largely
reducing the amount of transferred data. Assuming a tile size of 3 32

results in 1024 tiles and yields 4 KB of coordinate data per fnae (without

pixel colors). This amount of data is acceptable for transfeirrg data across
the di®erent nodes.

The image-based distribution scheme makes it necessary to pravidach
node either with direct access to the complete scene data or eteit to load
required data on demand [WaldOla, DeMarle03].

Besides the actual de nition of the tasks, the distribution schem itself
is of high importance. Assigning the pixel tiles for a frame statally to the
nodes in the same manner as individual pixels, works well if thequired
rendering time per tile is roughly the same. In this case, all mies nish the
rendering of a frame at the same time, fully exploiting paradll execution. If
the rendering time per tile varies signi cantly, however, a stical distribution
will increase the time necessary for rendering a frame becausetled low
parallel execution at the frame's end. Note that the smaller amage tile is,
the more likely equal rendering times are because the rendwegiload will be
more nely distributed.

Given the bandwidth requirements, image tiles have to be ra#r large
compared to the size of individual pixels. Therefore, the rerding time
per tile is likely to vary signi cantly, making a statical distribution scheme
sub-optimal. Therefore, the OpenRT distribution framework @stributes the
image tiles dynamically to nodes, to ensure full utilization fall nodes.

In the following, the OpenRT distribution framework will be discussed in
more detail.

8.3 The OpenRT Distribution Framework

The OpenRT distribution framework [Wald02a, Dietrich03, Wdd04] is based
on a master/slave(s) approach. The master is responsible for taskdascene
data distribution, while the slaves do the actual rendering wl. The mas-
ter then receives the pixel colors of image tiles rendered liye slaves and
combines them into the nal image.

Physically, a master or slave is just a PC within the cluster. As disased
in Section 8.2, the master uses a tile-based task distribution, wah means
that the master sends the de nition for a rectangular tile to oe of the slaves,
waits until the slave has rendered all pixels within this paitular tile, and
“nally receives the corresponding color data. Once the mastérs received
all color data, it displays the frame.

The master is also responsible for distributing the scene data td alaves.
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The same holds true for scene data updates, e.g. a new cameragitlsource
position, which are once more transferred from the master to alaves. Note
that this transfer is unidirectional, as there is no need forransferring scene
data from slave to master. For the OpenRT framework, there is ndi®er-
ence between the initial scene data distribution and subsequestene data
updates, because an application communicates with the undgrg library
only through the OpenRT API. The OpenRT framework distributes each
API call, with the exception of geometry calls, to all slaves. Thli mecha-
nism is similar to remote procedure calls, except that OpenRT sliributes
the API calls asynchronously. Geometry calls are cached on theaster until
the corresponding object is completely de ned. Geometry daiag avoids the
distribution of many geometry calls, saving costly bandwidth.

The main issue of the tile-based task distribution is to avoid idl@eriods
on the slave side. These idle periods can have the following raaso

Communication Latency: When relying on standard network technology,
the network round-trip time (master-slave-master) is in the rgion of
milliseconds. During such a time span, one could trace thousands o
rays, which means that communication-related dependency ains be-
tween master and slave should be avoided or kept to a minimum. If,
for example, the master only sends a new task to a slave after hayin
“rst received the color data of a previous tile, the slave wouldpend a
lot of time waiting for the next task.

Synchronization:  Parallel execution is always a®ected by synchronization,
because synchronization means serialization. In terms of anage-
based ray tracing system, synchronization occurs after the enfifame
n and before the start of framen + 1. Only during this period can the
scene data be updated (during rendering, it has to be xed to aid
inconsistent scene data).

The OpenRT framework minimizes these idle periods by introding
asynchronous behavior and special latency hiding techniques:

Dynamic Load Balancing:  The scene and shading complexity typically
vary across the image plane. Therefore, a dynamic load balamg
scheme is used. Each slave requests a task (tile) from the master. If
frequently the rendering of tiles takes longer, the correspding slave
will ask for work less often, allowing other slaves to take overapt of
the image computation. This ensures that a high variation inegndering
time complexity will be handled more exciently.
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Task Prefetching: In order to hide communication latency on the slave

side when requesting tiles from the master, a xed number of tieis
assigned to each slave in advance. These tiles are stored on theeslav
side in a task queue. By transferring the color data of a computdde
back to the master, the slave simultaneously requests a new tileoiin
the master. However, as there still are tasks left in the task queue
the slave can directly continue with the next task without havng to
wait for the arrival of the new one. In order to prevent stalls, he time
required to render the tiles within the task queue must be great than
the round-trip time for sending and receiving a tile.

Asynchronous Data Transfer: Given the limited bandwidth and high la-

tency, a transfer of data across the network is costly. The mostitical
time span is required for transferring scene data updates frorheé mas-
ter to the slaves because the master has to broadcast the data. Taée
fore, asynchronous data transfer has been integrated: Whileagés are
rendering framen, the master directly transfers the scene data for
framen + 1 to the slaves. During rendering of framen, framenj 1is
displayed. This introduces one frame of latency between themndering
and the display of a frame, but gives the master the time span of en
frame to transfer scene data updates to all slaves.

Two-Frames Task Scheduling:  Even though dynamic load balancing tries

to distribute the rendering task evenly over the slaves, idle pexds on
the slaves occur when the master has to synchronize all slaves gt
end of a frame. In this case, all tiles of a given frame have besent,
but the corresponding rendering has not been nished yet on theave
side. Before the master can distribute the tiles of the next fram it
has to wait until all tiles from the previous frame have beeneceived.
In order to prevent idle periods because of frame synchroniian, the
master allows the slaves to continue rendering with the next dme
(even if the current frame has not yet been completely nisheby all
slaves). In the event a slave has already received the scene datatiie
next frame, it can directly proceed with the rendering (if ng the slave
has to wait until data reception is completed).

Supporting latency hiding techniques requires asynchronsuoehavior on
the master and the slave side. In the following sections, the mastand slave
implementation used in the OpenRT framework will be presented

The implementation has been exclusively designed for highs@mmance.
Therefore, no sophisticated library such as MPI [Foruma], PVM [@ist94]
was used to prevent abstraction layer overhead in network conumication.
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Instead, the implementation uses a framework that is directlypased on the
standard UNIX sockets [Stevens98]. All communication relies onghT CP/IP
protocol. Even though communication based on UDP would o®erateires
such as network broadcast, the possible loss of data would requgeecial
and complex countermeasures. For parallel thread executio@penRT relies
on the POSIX pthread library [Nichols96].

Figure 8.1: Multi-threaded slave implementation: Each amled box corre-
sponds to a single thread, a colored circle representing aagdd data structure.
The green and blue rectangles form the rendering pipelinehiah receives im-
age tile data over the network from the master, performs the wgring and
sends the corresponding pixel colors back to the master. Tdezond pipeline
which runs asynchronously to the rst, receives scene dataifin the master
over the network, and stores it in the data queue. Once alk8l for the given
frame have been rendered, the rendering threads are synchzed and the
scene data is updated based on the content of this queue.

8.3.1 Slave

The slave relies on two asynchronously running pipelines, eaabneisting of
one or multiple threads (see Figure 8.1). The rst pipeline, th so-called
rendering pipeline is responsible for receiving image tiles from the master,
performing the actual rendering, and for sending back the ami data to the
master. Each of these three steps is handled by a separate thread.

The \execution °ow" for the rendering pipeline is as follows:The Tile
Receiver Threadis listening on a network socket connected to the master. As
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soon as theTile Receiver Threadreceives an image tile, it puts the data into
a Tile FIFO Queue. A number of Tile Render Threadstakes entries from
the queue and performs the actual rendering. The number dile Render
Threads is usually related to the number of CPU cores on the slaves. After
rendering, eachTile Render Thread adds the pixel colors to the image tile
and inserts the combined data into the secondlile FIFO Queue. The last
thread, the Tile Sender Thread takes a tile (with pixel colors) from the last
gueue and sends all corresponding data (over a network socke#ick to the
master.

The second pipeline, the so-calledcene data pipelingis responsible for
handling the scene data updates. Therefore, tifecene Data Receiver Thread
listens on the second incoming network connection to the mastefrhrough
this connection, the master sends scene data updates, which Wi stored in
the Scene Data QueueBu®ering of received scene data is hecessary because
a scene data update must be synchronized with th€ile Render Threads
Once a frame has been completely rendered, the setTale Render Threads
is synchronized, and a scene data update can be safely perfornesed
on the content of the Scene Data Queudefore restarting theTile Render
Threads

Application

OpenRT
API

Tile
Sender/Receiver
Thread

Figure 8.2: Multi-threaded master implementation: Each dored box cor-
responds to a single thread. The scene data queue, togetheh & thread

for sending scene data to the slaves, builds the applicatipipeline. This

pipeline runs synchronously to the application. The secontiréad, which
forms the slave pipeline, runs asynchronously with the amaliion. While

the application de nes the scene for framm, the application pipeline bu®ers
the corresponding data, while the same pipeline asynchroslyuhandles the
image tile distribution and reception for the two previousdmes.
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8.3.2 Master

Similar to the slave, the master consists of two asynchronously rmimg
pipelines (see Figure 8.2). The rst pipeline, the so-calleapplication pipeling
runs synchronously with the application, whereas the secondpgline, the
slave pipeling runs asynchronously to the application.

The main task of theapplication pipelineis to distribute scene data up-
dates (in the form of OpenRT API calls) over the network to all slaes. The
point in time when all scene data for the current frame is de n# is also the
point of synchronization with the second pipeline. At the syndwnization
point, the application pipeline waits until all pixel data for a new frame has
been received and completely copied to the frame bu®er.

The slave pipeline consists of a single thread, calld@ile Sender/Receiver
Thread, which handles all tile-based communication between mastena
slaves. It listens on the network sockets which connect the master the
slaves. It responds to each incoming tile color data with a newldi task.
If all tile tasks for the current frame have already been assigdgtiles for
the next frame are used. Therefore, tiles for a maximum of tweames can
be in-°ight. As a result, the Tile Sender/Receiver Threadmust be capable
of handling tiles for two di®erent frames at the same time, wth directly
translates to supporting double-bu®ering via two internal ame bu®ers.

8.4 Communication and Data ow

For a better understanding of the asynchronous behavior of mastand slave,
a simpli ed timing diagram is shown in Figure 8.3.

While the master receives all tile data for frama, framenj 1 is displayed.
The master's application pipeline is locked until all tilesdr framen have been
received. At this point, the lock for the application pipelhe is released, and
frame n can be displayed by the application. Moreover, the applicainh can
already start to specify the scene for frama + 1.

Due to an one-to-one exchange of color data and new tasks, thestea has
to distribute tiles for frame n+1 (all tiles for frame n have been distributed),
while still waiting for the color data of framen. This is the key point to
prevent idle periods on the slaves, because the master allowsdalaves to
proceed with the rendering of framen + 1 which have already received the
scene data for framen + 1.

The slave receives, renders, and sends back tile data for framewhile
asynchronously receiving the data for frame + 1. When all scene data
for frame n + 1 has been received, the slave updates the scene data by the
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Figure 8.3: The timing diagram for master-slave communicamn (S = Send,

R = Receive, U = Update, RD = Render). The main synchronizationpoint
appears when all tiles for frameé have been received. Only at this point is the
application able to display framen. While distributing tile jobs and receiving
color data back for framen, the master sends data for frama + 1 to all
slaves. The slave asynchronously bu®ers this data, while derees, renders,
and sends data for framen. Therefore, one frame of latency between the
speci cation and display of a frame is introduced.

bu®ered data, while the master is still waiting for color datafahe previous
frame. As long as all scene data is received before the rendgrof the last
image tile is nished, the time for the network transfer can be ampletely
hidden. If the time required for updating the scene data is sutently small,
the slave will have almost no idle periods in terms of renderindgdetween the
speci cation and the display of a frame, one frame of latency istroduced.

In the case of using multiple rendering threads, the update mustnty
be executed by a single thread. Therefore, all rendering ttads need to be
serialized at this point.

As discussed in Section 8.3, the master distributes a set of tiles idvance.
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These tiles are directly bu®ered by dile FIFO Queue, so that they can be

directly requested by a rendering thread. If the master recesg the color data
for the rst tile of the set, it will send a new tile. In the case ofn rendering

threads, the time required for rendering all tiles in the queal decreases to
1=n of the original time span. Therefore, the number of tiles senhiadvance

must be increased accordingly.

8.5 Results

For testing the scalability of the master/slave distribution framework, a clus-
ter of 24 dual Athlon MP 1800+ (48 CPUs in total) with 512 MB memay
was used. For each CPU, a separate slave process was created, ipigld
maximum of 48 slaves running simultaneously.

Since all slaves transfer the image data to the master, the netvoband-
width to the master can easily become a bottleneck. Thereforéhe slave
PCs are interconnected by a fully switched 100Mbit Ethernet sing a Giga-
bit uplink to the master.

A set of four triangular example scenes was rendered at a resabuat of
640£ 480, using only primary rays and simple shading. The scene com-
plexity ranged from a few thousand triangles for the \Oxce" scee up to
several millions for the \Power Plant” scene. For a detailed soe description
see [Wald03e, Wald04].

Figure 8.4 shows that for all example scenes the distributionaimework
achieves linear scalability in the number of CPUs (slaves) untihe network
bandwidth to the master is saturated. For the given setup, the satation
appears when more than 22 MB/s have to be transferred over thestwork.
For a resolution of 640£ 480 and color coding of three bytes per pixel,
this corresponds to a maximum of 25 frames per second. By conibm
the bandwidths of several Gigabit network connections, thedmework even
allows for reaching 4Q 50 fps.

8.6 Conclusions and Future Work

The proposed master/slave-based distribution framework allowsr exciently
combining the compute power of several PCs interconnected iandard net-
work technology. The framework has been designed especiatly $calability
and interactivity, while relying on a high-latency intercaanection. In order
to hide the interconnection latency, several techniques sues dynamic load-
balancing, task scheduling, task prefetching and asynchronodata transfer
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Figure 8.4: Scalability of the master/slave distribution timework for an in-
creasing number of CPUs (slaves) and di®erent example scengld scenes
have been rendered at a resolution 640£ 480using only primary rays and
simple shading. The complexity of scenes ranges from a fewuband trian-
gles for the Oxce scene up to several million triangles for éhPower Plant
scene. For all scenes, the distribution framework achievesear scalability
in the slaves until the network bandwidth to the master is saited. The
saturation appears for the given hardware setup at a maximumansfer rate
of 22 MB/s, which corresponds to 25 fps.

have been integrated into the framework. These techniquedal for achiev-
ing a linear scalability in the number of connected PCs.

Even though the distribution framework provides linear scalaility, the
maximum frame rate is limited by the maximum network bandwidh. For
the network setup shown in Section 8.5, a maximum of 25 framesrpsec-
ond can be achieved. For future setups, it will be necessary to faer in-
crease the bandwidth to the master. Obviously, faster network thnology
like Myrinet [Forumb] or In niband [Futral01], could provi de a higher band-
width but the required network hardware is still non-standardand thus ex-
pensive. Therefore, it might be bene cial to rather focus orabt compression
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and decompression algorithms in order to reduce the amount ofihsferred
data. For multi-core CPUs, in particular, one could reserve a syte core for
compressing/decompressing pixel data.

In the current implementation, speci ¢ system parameters suctsdhe size
of a pixel tile or the numbers of tiles that a slave fetches in adnce are xed.
This typically works well for most situations, while it can be suboptimal
in others. Therefore, future implementations should automatally analyze
the exciency of the applied parameters by, for example, measog the load
on the slaves and, if required, adapting these parameters dogi run-time to
ensure an optimal work distribution.



162 Chapter 8: Distributed Coherent Ray Tracing on Clusters




Chapter 9
Applications

A key point for achieving high ray tracing performance is ragoherence. As
discussed in Section 4.4.5, most of the ray tracing-based renaegralgorithms,
e.g. standard backward ray tracing, rely on the recursive evwation of single
ray paths. The recursive evaluation makes it dixcult to combie individual
rays to ray bundles. Even if individual rays can be combinedt is not ensured
that the rays within the bundle are coherent. Unfortunately,this also applies
for any other ray-path generating rendering algorithm.

Solving this problem requires a shift in design: Instead of trgig to gather
coherent rays out of an arbitrary rendering algorithm, one shuld design, or
modify, the rendering algorithm in order to produce coherdrrays.

In the following section, a rendering algorithm is presentechat is able to
almost exclusively produce coherent ray bundles. This rendeg algorithm
is known as theinstant global illumination algorithm and was originally
presented by Wald et al. [Wald02b, Wald04]. By having a fast rayracing
core combined with a lot of processing power, the algorithm ik to fully
recompute a complete global illumination for every frame. Ae improved
algorithm [Benthin03] described in this chapter has been degsied to fully
exploit coherent ray bundles and to eliminate the bottlends of the previous
algorithm [Benthin03].

9.1 Instant Global lllumination

This section brie°y reviews the original instant global illunination algorithm.
For a more detailed description of this algorithm and other glbal illumina-
tion algorithms see [Wald04].

The core of the instant global illumination algorithm is buidd on the in-
stant radiosity algorithm proposed by Keller et al. [Keller97]. Instant radios-
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ity approximates di®use illumination by a set of virtual pointlight sources
(VPLs). These VPLs are computed in a preprocessing step by generating
light paths (using random walks) from the light sources into thescene. At
each light path bounce, a VPL is created (the emittance of theirtual point
corresponds to the re°ected radiosity at the given point). Theontribution

of all VPLs approximates the indirect illumination.

The set of VPLs is used in the actual rendering process to computeet
irradiance at every point. For each primary ray intersectionpoint, the ir-
radiance is computed by shooting shadow rays towards all geatsd VPLs
and adding their contributions. Obviously, the more VPLs are aosidered
per intersection point, the more accurate the illumination omputation will
be. However, as the focus is on interactivity, only a small set &fPLs is
a®ordable per pixel.

VPLs cause discretization errors due to the generation of sharpastow
boundaries. However, these can be smoothed by usingerleaved sam-
pling [KellerO1]. The idea behind interleaved sampling is to not gerate
and use only one set of VPLs for all pixels but to generate multipl VPL
sets and interleave these sets for the illumination computatioof neighbor-
ing pixels. AnN £ N pixel pattern implies the generation ofN £ N VPL
sets. As neighboring pixels do not share the same VPL set, hard shadow
boundaries are broken up. All VPL sets are of equal size and, thévee,
the number of shadow rays per pixel is similar to the one-set cas&his
implies that no additional work has to be done. The drawbackfanterleaved
sampling is the transfer of discretization errors into visible stictured noise.
The combination of interleaved sampling and instant radiositys illustrated
in Figure 9.1.

The structured noise introduced by interleaved sampling can bsigni -
cantly reduced by a technique which is callediscontinuity bu®ering[KellerO1,
Wald02b, Wald04]. Discontinuity bu®ering essentially Ttersthe irradiance
of neighboring pixels. In order to Tter over all di®erent VPL sts, the -
ter kernel must have the same sizeN( £ N) as the interleaved sampling
pattern. Discontinuities, e.g. surface edges or cured surfacesist not be
‘Ttered, otherwise visible blurring artifacts will appear. Therefore, disconti-
nuity bu®ering relies on several heuristics (hit point distare; surface normal)
to detect such cases. The key point of discontinuity bu®ering it it al-
lows for combining the illumination computation of neighbang pixels. For
an N £ N interleaved sampling pattern and anN £ N lter kernel, every
pixel exploits the illumination from all N £ N VPL sets. The combination
of interleaved sampling and discontinuity bu®ering trades spal blurring
of the illumination for the speed of computation. Usually, the esults are
acceptable because indirect illumination changes only slgndn surfaces.
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Figure 9.1: Combination of instant radiosity and interleaed sampling:
Neighboring pixels use a di®erent set of virtual point light¥PLs). The
structured noise introduced by the di®erent VPL sets is on rawved later on
by Ttering the irradiance of neighboring pixels.

9.2 Exploiting Coherence

The standard approach of combining rays from neighboring pets to coherent
(shadow) ray bundles as shown in Chapter 4 does not work any largvhen
using interleaved sampling. Therefore, only pixels that shara common
VPL set produce shadow rays which are coherent. As a result, onlydbe
rays should be combined into bundles. One could trace primanays from
neighboring pixels together and later reorder the interseicin points according
to the di®erent VPL sets. However, reordering would require marscatter-
gather operations, which are costly when using SSE instructions.
Fortunately, reordering is not necessary because ah £ N interleaved
sampling pattern ensures that everyN " pixel (with respect to both rows and
columns) has the same interleaved sampling indéx0- i - N £ N. If N is
small, e.g. 3, grouping primary rays according to their intdeaved sampling
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index will only slightly decrease coherence within the bundlelhe increased

space between primary rays for a 8 3 interleaved sampling pattern causes
an overhead of approximately 10% to 20% for primary ray bunédés when

rendering at moderate resolutions, e.g. 64D 480. For higher resolutions,
e.g. 102%& 1024, the overhead is clearly below 10%.

VPL
]

Figure 9.2: Combining primary and shadow rays which share tisame in-
terleaved sampling index (marked green) into bundles. £ 3 interleaved
sampling pattern ensures that coherence within a bundle isly slightly re-
duced. Left Image: Casting one ray per pixel, four rays per bdie in total.
Right Image: Casting four rays per pixel, sixteen rays per buledin total.
This arrangement is suitable for per-pixel super-sampling.

Chapter 4 showed optimized routines for bundle traversal of 4 46 rays.
These core routines can be directly reused for tracing primaand shadow
ray bundles which share the same interleaved sampling index. gkre 9.2
illustrates these two approaches: The rst casts only one ray pe@ixel, the
second casts four rays per pixel for improved anti-aliasing byep-pixel super-
sampling. In terms of improved per-pixel anti-aliasing, di®ent approaches
for gathering coherent rays exist, e.g. casting bundles of 4 b6 rays per pixel
without adding rays from pixels sharing the same interleaved s®ling index.
These approaches o®er higher coherence but signi cantly moags have to
be shot (16 rays per-pixel). As the focus lies on interactivitySection 9.4
will present a way for improved per-pixel anti-aliasing withat introducing
signi cant performance penalties.
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9.3 Streaming Computations

In order to fully exploit the bene ts of SSE instructions, the atire process
of ray shooting and shading operations is reformulated in a saming-like
and breadth- rst way. Instead of directly proceeding to shadig and shadow
ray generation after having cast the rst primary ray bundle, nultiple neigh-
boring primary ray bundles with the same interleaved samplingndex are
cast rst. The results, e.g. intersection point, surface normal,te. are stored.
Based on the stored intersection data, the process continues lvithe gen-
eration and casting of shadow rays to each VPL in the current set. he
contribution of each VPL is added to the stored intersection da After
adding the contribution for the last VPL in the current set, the process con-
tinues with shading evaluation and the casting of additional s®ndary rays
(see Section 9.3.1).

This breadth- rst approach signi cantly increases cache usageecause
neighboring ray bundles are likely to access similar data.

9.3.1 Streaming Shading

As the cost for shading can easily exceed the cost for ray casting,ighly e+-
cient shading system is essential. However, allowing for freelyogrammable
shaders aggravates the problem of realizing e+cient shading.

As a solution, the actual shading process is split into the evaluan of
two independent entities: a xed functionBRDF shader and a freely pro-
grammable surface shader The BRDF shader evaluates the illumination
contribution and the underlying BRDF itself. The key point is that the
BRDF shader performs the evaluation based on the settings proad by the
surface shader. The surface shader itself only provides shadinggmeters,
e.g. di®use, specular color, normals, etc. and passes them on t® BRDF
shader which is responsible for tracing secondary rays.

This programming model allows for maintaining high shading erfor-
mance thanks to a highly optimized BRDF shader, while provigig most
of the features of programmable shading. The high performamés accom-
plished by shifting the critical performance part, e.g. addig the illumination
of VPLs and BRDF evaluation, to a highly optimized BRDF shader. As
bundles of rays return bundles of intersection points, the BRP shading
must also be performed for bundles. This o®ers the advantage thaode
dependencies between shading computations can be minimizaliiowing for
increased instruction level parallelism.

The usually less critical shading part is taken on by a freely pggammable
surface shader. If costs for tracing rays dominate the total réelering cost,
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Figure 9.3: Freely programmable procedural shading in a gldly illuminated
scene. The \Shirley 6" test scene (left) in its original form and after apply-
ing several procedural shaders (marble, wood, and brick-quimThe excient
shading model shifts the performance bottleneck towards rasting. There-
fore, even complex and costly shading operations, such adtiple noise func-
tion evaluations, only moderately a®ect total rendering perinance. In this
case, performance drops t@:7 fps compared to4:5 fps with constant di®use
re°ection.

the relative costs for the freely programmable part are relately low. This
allows for complex shading operations without large perforamce penalties
(see Figure 9.3).

For standard shading, pro ling shows that almost all shading timés taken
up by the BRDF shader. This especially applies for adding up theeighted
illumination of VPLs: Each VPL in a scene is described by its positioXx;,
the surface normah;(x;), and its emitted radiancelL;. The irradiance at any
given surface pointx with normal n is then approximated by adding up the
contributions from all VPLs:

Xi 1 COSHy COSH
E(x)= V(X; Xi) =———>5Li; 9.1
(X) 3 (X xi) X X2 " (9.1)

whereV (x;y) speci es the visibility between two pointsx andy, and |y ; |4 are
the angles between the normal vectons,, n; and vectorx j X;, respectively.
Based on the normalized surface and VPL normals, the two cosinetias are
evaluated by two dot products, allowing for an excient SSE imigmentation.
Note that E (x) is evaluated for multiple intersection points in parallel vhich
allows for exciently using SSE instructions to perform the doproducts. As
VPL normals are normalized before the rendering starts, the naralization
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Figure 9.4: Ezxcient anti-aliasing using a similar interleaving approach as
for the generation of VPLs. Instead of connecting all interséion points
of a given pixel to the same VPLs, the intersection points annected to
di®erent subsets of the same VPL set.

only needs to be performed for surface normals. Each surfacematis reused
for evaluating E (x) for each VPL. This allows for exciently amortizing the
normalization cost.

Evaluating V (x;y) requires casting shadow rays. If the surface and VPL
normals indicate that no radiance transfer can occur, the shad ray casting
could be skipped. However, as shadow rays are cast in bundles, th@ sk
decision has to be evaluated with respect to the entire bundlehe related
decision coherence is very high, because the surface normal ligwdoes not
vary signi cantly for adjacent spatial locations.

9.4 Ef cient Anti-Aliasing

Excient per-pixel anti-aliasing can be realized for the instat global illu-
mination algorithm by following a similar interleaving appioach as for the
generation of the di®erent VPL sets (see Figure 9.4). Instead afnmecting
each one of\ primary ray intersection points of a given pixel to all VPLs, the
VPL setis splitinto N sub-sets, and each intersection point is only connected
to the VPLs from one sub-set.

The main advantage of this approach is that the total number forays
per pixel is only slightly increased. The only \investment” is he increased
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number of primary rays per pixel while the number of shadow rayremains
constant. Depending on the size of the VPL set, the performance pact
of excient anti-aliasing typically lies in the range of 10% to30%, while the
actual image quality is signi cantly enhanced (see Figure 9.5 Di®erent
primary rays for the same pixel obtain illumination from di®eent VPLS;

a possible di®erence in the illumination is therefore possibleompared to
connecting each primary ray to the same VPL set). In most cases, how-
ever, each primary ray is connected to multiple VPLs, therebyeducing the
probability of illumination discrepancies. For typical sceng, the di®erence
in illumination quality is virtually indistinguishable.

Figure 9.5: Left: Casting a single primary ray per pixel exhits aliasing
artifacts for small geometric details. Right: Casting fouprimary rays per
pixel with interleaved shadow ray generation. As the numbef shadow rays
is constant, performance decreases only from 4 fps to 3.2 fphile providing
better image quality through anti-aliased rendering.

9.5 Distributed Rendering

High image quality requires many VPLs which in turn requires csting of
many shadow rays. In order to perform a full recomputation of ta complete
illumination per frame, the compute power of a single PC is nauzcient. As
a result, multiple PCs need to be combined. The original instarglobal illu-
mination system [Wald02b] as described here therefore uses thstbution
framework presented in Section 8.3.

The original instant global illumination system [Wald02b] peforms the
rendering on the slaves and the discontinuity Ttering on the raster. As a
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result, all pixel data required for discontinuity Ttering needs to be trans-
ferred to the master. The required bandwidth easily saturateshe network
bandwidth, thereby limiting the scalability of the entire sysem. The support
of caustics in the original system makes it necessary to performethltering
on the master side. By dropping caustics support in the new systemhd
‘Ttering step can be moved to the slave side.

A drawback of Ttering on the slave side is the overhead caused lblge
tile-based task distribution system. More precisely, a 8 3 Ttering kernel
requires access to pixel data which lies outside the tile bouandes. Therefore,
the tile has to be virtually enlarged by a one-pixel border. ©viously, the
larger the tile, the smaller the overhead will be. For a tile si& of 40£ 40
pixels, 164 additional pixels have to be computed. This 10% enhead is
easily acceptable when gaining better scalability in return.

An advantage of Itering on the slave side is that all Ttering dda can
be completely held in CPU caches. This is bene cial because tHeering
step is then completely memory-bound. As the Tter kernel has eegular and
“xed size and all input values are provided as single precisiom&ting point
values, the actual Ttering is exciently implemented using SE instructions.
If all input values are directly loaded from cache, the SSEdsed lter easily
outperforms a non-SSE version by a factor of about 3.

9.6 Results

The new instant global illumination system [BenthinO3] demonsates the
e®ectiveness of directly supporting coherent ray bundles ugirendering al-
gorithms. Streaming shading and Ttering (see Section 9.3.1) ifththe critical
computational part towards ray casting. Combined with the tyical setting
of using many VPLs per pixel, the total rendering time is strongl dominated
by ray casting. This allows for directly exploiting the fast tiaversal code for
ray bundles from Chapter 4.

Table 9.1 shows a comparison between the original and the nevstant
global illumination system. The original system only supports sgle ray
traversal and no streaming shading. The new system's support foratring
bundles of rays and streaming shading allows for outperforngrthe old sys-
tem by a factor of 3j 8. The higher the resolution, the higher coherence
within the ray bundles and the more bene cial bundle traverdabecomes.
Note that the statistics for the new system already include the 10%verhead
caused by overlapping at tile boundaries.

Even the compute power of a single PC is suxcient to achieve inactive
frame rates at small resolutions. Table 9.2 shows the actual penmance per
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| Oce | Conference| Power Plant

640£ 480 2.7 3.2 2.5
800£ 600 2.9 3.41 2.7
1000£ 1000| 4.2 7.2 4.0
1600£ 1200 5.7 8.0 5.1

Table 9.1: Performance increase of the new compared to theeyious instant
global illumination system using 64 VPLs/pixel with full shding and Ttering
at various resolutions. Even with a 10% overhead caused bgrapping tile
boundaries, the new system outperforms the original one by atéaaf up to
8 at higher resolutions.

CPU in million rays per second. Note that these numbers include atding and
‘Ttering. The table further demonstrates the impact of coheence. Increasing
the resolution from 640£ 480 to 100QE 1000 results in a speedup of 30%.
Obviously, integrating support for 4£ 4 bundles combined with kd-tree entry
search would yield a further signi cant performance boost.

High-quality rendering with interactive frame rates still requires the com-
pute power of many PCs. Therefore, the distribution frameworlof Sec-
tion 8.3 is used to combine the resources of a cluster of PCs. All rseee-
ments are carried out using a cluster of 24 dual AthlonMP 1800+ ®@s with
512 MB memory each. All slaves are connected to a commodity 10iv
switch. The master uses a Gigabit uplink to the switch.

| Oce | Conference| Power Plant

640£ 480 1.72 | 1.12 0.33
800£ 600 1.77 | 1.22 0.42
1000£ 1000 1.84 | 1.33 0.44
1600£ 1200( 2.00 | 1.46 0.48

Table 9.2: Performance in million rays per second on a AthlonRl 1800+
CPU at di®erent resolutions with 16 VPLs, full shading and éring.

Shifting discontinuity Ttering from the master to the slaves (see Sec-
tion 9.5) allows for exclusively transferring pixel colors. Tis reduces the
required network bandwidth per frame dramatically from 4 6 MB to 912
KB. The combination of a largely reduced bandwidth and the etient distri-
bution framework (see Section 8.3) ensures high scalability digh frame
rates. Figure 9.6 demonstrates the essentially linear scalatyiliof up to 24
PCs (48 CPUs). This setup allows for reaching 20 fps at video restbn
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Figure 9.6: System scalability: Performance is essentiallypéar for up to 24
PCs/48 CPUs. This applies to scenes ranging from several hdmd trian-
gles (Shirley-6) up to the Power Plant scene with 50 millioniangles (four
instances).

(640£ 480) or 8 fps at full screen resolution (1028 1024). Note that even
for the power plant scene (four instances of 2 million triangles each), the
complete illumination is recomputed from scratch for every sgle frame (see
Figure 9.7).

9.7 Conclusions and Future Work

Besides adding support for missing illumination e®ects, e.g. cligs or glossy
e®ects, it would be a great advance to optimize the system towardnulti-

core CPUs or shared memory setups. These two hardware setups aready
becoming available on the desktop, and will provide enoughopute power
to achieve a performance level as the distributed setup. Thrgh linear
scalability in the number of processing resources and implicit gport for

coherent ray bundles, the instant global illumination system ishe method
of choice for realizing interactive global illumination.
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Figure 9.7: Top left: Room with animated globe and lamp, caibing roughly
20,000 triangles. The lamp illuminates North America whicle°ects a yel-
lowish light into the room. Top right: The globally illuminged conference
scene with280 000 triangles and 104 light sources rendering at abouf0 fps
on 22 dual AthlonMP PCs with 12 VPLs. Center left and right: The well-
known Shirley-6 test scene consisting 600triangles rendered with procedural
shading. This scene is rendered at roughB2 fps with 12 VPLs allowing ar-
bitrary changes in the scene. Bottom left and right: A powerlgnt scene
containing four copies of the model with a total 060 million triangles ren-
dered at about2 fps with global illumination. These two views clearly show
the di®erence between direct illumination with hard ray trad shadows and
the smooth lighting rendered by the global illumination sgsh. All scenes
were rendered at a resolution 0640£ 48Q
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Final Summary, Conclusions,
and Future Work

In this "nal chapter, the content and all new contributions d this thesis will
be brie°y summarized. Before concluding, potential future ark for all areas
discussed here will be outlined.

In Chapter 2, the basics of ray tracing and the role of ray traog as
a rendering algorithm were discussed. After de ning the core rayacing
algorithm which forms the basis for ray tracing-based rendery, the factors
that impact its performance were presented. In particular,tie need for an
excient traversal of rays through a spatial index structure andhe need for
an ezxcient primitive intersection test were discussed in detail. Based on
this discussion, exploiting coherence, e.g. by traversing cobet ray bundles
and an optimized implementation with respect to the underlyig hardware
architecture were identi ed as key factors to improve the péormance of the
core ray tracing algorithm.

As optimization in terms of the underlying hardware architeture plays
a major role for achieving realtime ray tracing, a detailed idcussion of the
performance issues of current CPU architectures, e.g. cachessds, branch
mis-predictions, and dependency chains, followed in Chapter Based on
this discussion, coding guidelines which help to achieve opized code were
proposed next. In addition, the SIMD extension of current CPUs ®&s pro-
posed as a powerful tool for exploiting the full compute powenf current
CPU architectures.

Chapter 4 used the optimization guidelines of Chapter 3 to desibe sev-
eral highly optimized example implementations for the tragrsal of coherent
ray bundles through a kd-tree. In particular, implementatons of di®erent
frustum traversal algorithms, which allow for constant traversbcost (in terms
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of the number of rays within the frustum) were proposed.

The ezxcient ray bundle traversal algorithms presented in Chaer 4 could
be directly used as the basis for ray tracing triangular scenesh@pter 5 com-
bined these traversal algorithms with fast triangle intersectin algorithms.
By relying on fast traversal and intersection algorithms desigd for ezx-
ciently supporting ray bundles, even interactive ray tracingperformance on
a single CPU and at high resolutions was achieved.

Chapter 6 showed that interactive ray tracing performance isot limited
to triangular scenes. In particular, highly optimized intersetion algorithms,
e.g. based on uniform re nement, B®#zier clipping, and Newtateration for
exciently supporting bicubic B®zier surfaces were presente&ach of these
intersection algorithms has its advantages and disadvantagjeso choosing a
particular algorithm largely depends on performance and aaracy require-
ments.

Chapter 7 showed that the coding guidelines can be excientlysed to
optimize the construction algorithm for high-quality kd-trees. The proposed
algorithm, which even allows for multi-threaded kd-tree castruction, is able
to support ray tracing of fully dynamic scenes by reconstructip the corre-
sponding kd-tree from scratch for every frame.

The need of ray tracing for compute power can be compensated dym-
bining the compute power of multiple PCs. Chapter 8 presented frame-
work for parallel ray tracing using a cluster of o®-the-shelf PC As the
framework was exclusively designed for handling realtime rdyacing on a
distributed memory environment, e.g. dealing with high inteconnection la-
tency and small interconnection bandwidth, linear scalabily in the number
of connected PCs was achieved.

Chapter 9 combined several techniques outlined in the predad chap-
ters, e.g. tracing of coherent ray bundles and the distributio framework,
in order to realize a system that is even capable of interactiyecomputing
global illumination. The instant global illumination algorithm presented was
adapted to directly bene t from coherent ray bundles, and exénded using a
high-performance shading framework. Moreover, the proposédplementa-
tion of the instant global illumination algorithm in terms of the distribution
framework of Chapter 8 allowed for achieving linear perforamce scalability
in the number of connected PCs.

Future Work

Even though many aspects of potential future work have alregdbeen dis-
cussed throughout this thesis, they will be brie°y summarized irhe following.
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Extremal traversal of coherent ray bundles allows for constanraversal
cost, independently of the number of rays within the bundle. @e should
therefore concentrate on further reducing the intersectionverhead caused
by extremal traversal, as compared to that of a standard ray budie traversal
algorithm. A possible way to achieve this could be to automatally update
the ray frustum during traversal by excluding already terminged rays.

For triangular scenes, it might be bene cial to store the geomst of
triangles within a leaf as a small index face set. A potential yabundle
intersection would then rst perform a side test based on the set ofiges.
Only for those triangles that ful'll the criteria of the side test, would a
distance test be performed in a second step. This algorithm migbie able
to avoid a signi cant amount of unnecessary triangle intersean tests.

In terms of intersection tests for bicubic B§zier surfaces, fute optimiza-
tions should concentrate on a Newton iteration-based intersech using the
Krawczyk operator, because this is the only algorithm that deably provides
highly accurate results. As the cost and required iterations fdhe intersec-
tion algorithm largely depend on the accurate computation fothe interval
extension of the partial derivatives, further optimization slould focus on this
operation. It might also be bene cial to evaluate how the intesection algo-
rithm can be exciently extended to directly support coherentray bundles.

Besides faster traversal and intersection, exciently supportgn dynamic
scenes will be one of the major elds of future research for reale ray
tracing. The fast kd-tree construction algorithm proposed inlis thesis can
be seen as a rst step; supporting scenes as used in today's compugi@mes
will require even further optimized algorithms.

Having a system capable of performing realtime ray tracing ails for di-
rectly exploring potential ways of realizing realtime glohl illumination. The
modi ed instant global illumination algorithm presented in this thesis has
been designed to optimally exploit coherent ray bundles. As thalgorithm
largely relies on casting shadow rays, future modi cations ctiliintegrate
extremal traversal for exciently tracing a large number of shdow rays per
bundle.

Besides the performance improvements made possible by usingteeal-
gorithms, future hardware architectures will be able to o®ean improved
support for realtime ray tracing. Instead of increasing perfonance per CPU
by raising the clock speed, future CPU architectures will immve perfor-
mance by adding multiple cores to a single CPU chip. Even thobgcurrent
CPUs have two cores per CPU at the most, all major CPU manufacters
have already announced a higher number of cores for future ORlesigns. A
high number of cores per CPU is bene cial for ray tracing beaae the work-
load can be distributed across multiple cores. However, multbre CPUs



178

Chapter 10: Final Summary, Conclusions, and Future Work

present their own problems, e.g. limited interconnection bawidth between
cores, shared CPU caches, and excient synchronization technegu Future
realtime ray tracing systems must consider these issues to exploitet full
potential of multi-core CPUs.

A new design in terms of multi-core CPUs was introduced with th€ELL
processor [Cell05]. Instead relying on a homogeneous system ehtital CPU
cores, the CELL processor has a single standard CPU core and eigbta
tional small CPU cores. These small CPUs have been exclusively desig
for performing SIMD operations. Moreover, each of them has nomemory
cache but a small amount of local memory attached. If a small CPdore
wants to access the main memory, a DMA request must be initiatedamually.
The new CELL architecture provides a signi cant amount of SIND comput-
ing power, but requires new programming techniques, becausé rmemory
transfers must be initiated manually. However, a very early ptotype im-
plementation of a ray tracing system that relied on the algoriims proposed
in this thesis was capable of ray tracing the conference scenraging only
primary rays) with over 30 frames per second at a resolution of 20£ 1024
on a 2.4 GHz CELL processor. Future optimization should conceiie on
exploiting the full potential of the CELL chip, which might permit a ray
tracing system to be created which o®ers similar compute powes an entire
cluster of PCs.

Final Conclusions

This thesis showed that algorithms designed and optimized inr@s of the
underlying processor architecture are the key factor for raaing realtime ray
tracing. Even though for establishing realtime ray tracing asn alternative
to rasterization-based rendering many open questions need te bnswered
realtime ray tracing is already starting to play a major role m 3D graphics.

Through the introduction of powerful multi-core processors, stcient
compute power will be available on everyone's desktop to expé the en-
tire set of new applications, which now become possible with réaie ray
tracing.
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