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Abstract

The synthesis of photorealistic digital imagery has long been considered as one of the most fascinating
domains in the eld of computer graphics. Its main goal is the generation of visually stunning images,
mimicking as close as possible the appearance of objects in the physical world. The endeavor for visual
realism has directed a large amount of research interest in the investigation of the interactions of light and
matter, resulting in an established mathematical framework and the striking beauty of the generated images
on today's production level renderers. While the theoretical concepts of light transport are well understood
and applied in of ine rendering, the interactive reproduction of the underlying physical processes remains
a highly challenging topic due to the various constraints involved in the process. Furthermore, the
increased need for the delivery of highly dynamic interactive content in today's vast virtual environments,
that can potentially change in every frame, has undoubtedly increased the necessity for highly ef cient,
interactive illumination algorithms.

In this thesis, we investigate such methods, in the eld of photorealistic image synthesis. Our
contributions focus exclusively on the development of robust algorithms for real-time and interactive
global illumination, under the considerations of fully dynamic content. Regarding real-time rendering,
the majority of algorithms are based on the rasterization pipeline, where the support of dynamic content
is inherently provided. However, the strict time restrictions of real-time applications pose signi cant
constraints in the operation of the computationally demanding global illumination algorithms, severely
impacting the resulting quality of the rendered images. There, the most common approximation is imposed
on the algorithmic input where, typically, the highly-detailed geometric information is replaced by either
() a partial (layered), view-dependent and discretized representation, or a (ii) view-independent but,
crude, regular subdivision of the environment in image- and volume-space methods, respectively. We
contribute to the domain of real-time rendering by proposing two novel techniques, focusing particularly
on the improvement of the visual instability of prior approaches as well as on the ef ciency of the
underlying representations. First, we propose a generic method to ef ciently address the view-dependent
inconsistencies of image-domain methods, demonstrated on screen-space ambient occlusion. This is
accomplished by taking advantage of buffers containing geometric information from other view points,
already generated as part of the rendering process, such as the shadow maps. Second, we improve the
ef ciency as well as on the visual stability of volume-based global illumination methods, by introducing
the idea of directional chrominance subsampling for radiance eld compression, an optimized cache point
population scheme and a view-independent approximate indirect shadowing technique.

In order to support dynamic content in interactive applications, the effort of the research community
has been heavily focused on the improvement of the ef ciency of the ray tracing pipeline, which has
been traditionally employed for production rendering. However, the computational overhead of the
required complex acceleration structures is still restricting these approaches to partially static content.
Alternatively, a recent category of techniques have attempted to exploit the rasterization pipeline, which
inherently supports dynamic environments, to achieve quality identical to the ray tracing pipeline. Still,
the proposed solutions are not yet able to support a full global illumination algorithm without posing
any restrictions on the geometric representation or on the effects that can be reproduced. In the domain
of interactive rendering, we present two methods that investigate the ability of the modern rasterization
pipeline to provide a viable alternative to the costly construction stages of spatial acceleration structures.
The proposed methods are able to perform high-quality interactive ray tracing in arbitrarily complex and
dynamic environments, thus lifting the limitations of prior rasterization-based methods. Our rst method



employs multifragment rendering techniques to effectively capture, for the rst time, a highly-detailed
representation of the entire environment where a full global illumination algorithm, such as path tracing,
can be elegantly supported. Ray tracing is ef ciently achieved by exploiting image-space empty space
skipping and approximate ray-fragment intersection tests. The presented solution advances the eld of
image-space ray tracing and provides small construction times as well as scalable traversal performance.
However, the resulting quality is approximate and can suffer from high memory overhead due to its
fragment-based data structure. Our second approach, which completes our investigation, applies the
deferred nature of the traditional ray-tracing pipeline in a rasterization-based framework. Thus, we
are able to exploit a primitive-based acceleration data structure and support three, con icting in prior
work, objectives: (i) dynamic environments through fast construction times, (ii) quality identical to
the ray tracing pipeline via primitive-based intersection tests, and (iii) reduced memory requirements.
Additionally, the presented method further generalizes on the eld of image-space ray tracing by exploiting
various empty space skipping optimization strategies in order to ef ciently support accurate ray-primitive
intersection queries.



Perblhyh sta Ellhnik”

Hyhfiak sOnjesh fwtorealistik n eikinwn jewreDtai &na api ta pio sunarpastik™ pedDa ston
tomeéa twn grafik,n tou upologist . KOrioc stigoc thc ePnai h paragwg eikinwn pou proso-
moi,noun iso to dunatin pio peistik™ ta montelopoihména antikeBbmena, ipwc aut™ apeikonbzontai
ston pragmatiki kismo. H prosp’jeia beltbwshc tou optikoO realismoO éqei kateujOnei éna
meg’lo komm™ti thc éreunac sthn diereOnhsh twn allhlepidr’sewn tou fwtic kai thc Olhc, me
apotélesma thn jemelPwsh enic emperistatwménou majhmatikoO plaisBou kaj,c kai thn entu-
pwsiak poiithta twn paragimenwn eikinwn api tic shmerinéc efarmogéc sOnjeshc eikinac
se grafik” kinhmatografik ¢ poiithtac. En, oi jewrhtikéc énnoiec thc met"doshc tou fwtic
egoun katanohjeD se meg’lo bajmi kai efarmizontai sta grafik® mh pragmatikoO grinou, h
swst anaparagwg twn diafirwn fusik, n fainoménwn se diadrastik™ kai pragmatikoO qri-
nou perib’llonta ePnai éna exairetik™ dOskolo priblhma, ligw twn gronik,n periorism_n pou
epib’llontai stic sugkekriménec diergasPec. H an"gkh gia algorDjmouc ikanoOc na apod,soun
fwtorealistikec eikinec se dunamik™ perib’llonta ebnai akima pio aparabthth sthn shmerin
epoq ipou to mégejoc kaj, ¢ kai h poluplokithta twn yhfiak n kismwn, oi opoPoi mporoOn na
metablhjoOn drastik” se k'je kare, éqgei auxhjeD dramatik’.

O skopic thc paroOsac diatrib ¢ ePnai na diereun sei tétoiec mejidouc pou empBbptoun ston
tomeéa thc fwtorealistik ¢ sOnjeshc eikinac. Oi suneisforéc mac epikentr, nontai apokleistik™
sthn an"ptuxh apotelesmatik,n algorBjmwn olikoO fwtismoO se grafik™ pragmatikoO grinou
kaj,c kai diadrastik”, lamb™nontac upiyh touc periorismoOc pou prokOptoun se dunamik”
peribllonta. 'Oson afor” thn pr,th kathgorba (grafik™ pragmatikoO grinou), h pleionithta
twn algorbjmwn basbzetai sth méjodo thc sqedbashéterizatiol, ipou h upost rixh dunamikoO
perieqgoménou parégetai eggen,c. 'Omwc, ta austhr™ gronik™ iria twn efarmog,n aut,n je-
toun kai shmantikoOc periorismoOc sthn akrbBbeia kai leitourgba twn upologistik™ apaithtik,n
algorDjmwn olikoO fwtismoO, ephre“zontac sobar” thn poiithta twn telik,n eikinwn. Oi pio
shmantikéc aplopoi seic epib’llontai api polO nwrbc; sun jwc, h gewmetrik plhroforba thc
skhn c antikajbstatai ebte api ( i) mbamerik kaiexart,menh api thjésh tou parathrht , diakri-
topoihménh anapar“stash thc skhn ¢, api( ii) mPaolik men, all” adr , kanonik upodiabresh
thc skhn c, stic tegnikéc pou douleOoun ston g, ro the eikinac kai ogkometrikéc mejidouc, antb-
stoiga. Sumb’lloume ston toméa auti proteBnontac dOo néec tegnikéc, oi opoPec epikentr nontai
sth beltbwsh thc optik ¢ astjeiac pou prokOptei api tic proseggbseic pou gbnontai stouc algo-
rbjmouc autoOc, kaj, ¢ kai sthn apotelesmatikithta twn dom_n pou grhsimopoioOntai. H pr th
mac mejodoc, h opoba efarmizetai stic klassikec mejidouc eikinac gia parempidish tou @mmesou
fwtismoQ, epikentr netai sthn genik antimet_pish tou probl matoc twn optik,n atelei_n pou
prokOptoun api thn exrthsh sthn optik gwnba tou parathrht . Auti epitugq netai me thn
axiopobhsh gewmetrik c plhroforbac api “llec optikec gwnbec, qwrbc na up’rgei periorismic
ston arijmi  thn topojesba aut.n pou ebnai dh diajesimec se mba mhgan grafik,n, ipwc
ePnai oi eikinec gia thn paragwg ski,n. H deOterh mac méjodoc asqoleBbtai me thn beltbwsh thc
apotelesmatikithtac thc dom c kaj,c kai thn optik stajerithta twn ogkometrik,n mejidwn
olikoO fwtismoO, eis"gontac thn idéa thc upodeigmatolhyDac thc grwmatikithtac gia thn kate-
ujuntik sumpbesh thc lamprithtac sto sfairiki pedbo, éna beltistopoihméno sOsthma topo-
jethshc shmebwn lamprithtac kaj, ¢ kai mia proseggistik tegnik apidoshc @mmeswn ski“sewn
anexart twn api thn ek’stote iyh.



Sthn kathgorba twn diadrastik,n grafik,n, h upost rixh dunamikoO perieqimenou api thn
ereunhtik koinithta égei epikentrwjeb se meg’lo bajmi sth beltbwsh thc apotelesmatikithtac
algorbjmwn basizimenoi sthn parakoloOjhsh aktin,n ( ray tracing, to opoPo grhsimopoiebtai
sgedin apokleistik™ se grafik® mh pragmatikoO grinou. Wstiso, to upologistiki kistoc
kataskeu ¢ twn apaitoOmenwn epitaquntik,n dom,n exakoloujeD na periorbzei autéc tic meji-
douc se en merei statiki periegimeno. Enallaktik™, prisfatec ereunhtikéc prosp~jeiec éqoun
prospaj sei na ekmetalleutoOn th méjodo thc sqedPashc grafik, n, to opobo uposthrbzei eggen, ¢
dunamik” perib’llonta, gia na epitOqgoun poiithta tautishmh me thn parakoloOjhsh aktin,n.

Parila aut”, oi up“rqousec |Oseic den ePbnai akimh se jésh na uposthrbxoun pl rwc énan
algirijmo olikoO fwtismoO gwrbc na jétoun periorismoOc ison afor” ebte th gewmetrik ana-
par’stash tic pollapléc allhlepidr"seic metaxO tou fwtic kai twn diafirwn optik,n méswn.

Sthn kathgorba twn diadrastik ,n grafik,n parousi"zoume dOo mejidouc pou diereunoOn th
dunatithta tou sOggronou montélou sgedPashc grafik,n na parégei mia enallaktik upologi-

stik™ IOsh sta akrib™ st"dia kataskeu ¢ twn epitaquntik,n dom_n. Oi proteinimenec méjodoi
mporoOn na apod soun uyhl ¢ poiithtac diadrastik parakoloOjhsh aktin .n se aujaBrethc
poluplokithtac dunamik” peribllonta, afair,ntac étsi touc periorismoOc twn prongoOmenwn
mejidwn pou basbzontai sth sgedbash grafik,n. H pr,th mac méjodoc axiopoieb tegnikéc polu-
epipédwn gia na apojhkeOsei apotelesmatik” kai gia pr,th for", mPa leptomer anapar“stash

ilou tou peribllontoc sthn opoPa énac algirijmoc olikoO fwtismoO - ipwc h parakoloQjhsh
monopatioQ gath tracing - mporeD na uposthrigjeD. H parakoloOjhsh aktin.n epitugq netai
apotelesmatik™ axiopoi,ntac gr gorh metap dhsh g,rwn sto g,ro thc eikinac kai proseggi-

stikoOc eléggouc tom.n metaxO twn aktin.n kai twn paragimenwn temagbwifrggmenty. H
proteinimenh I0sh belti,nei dramatik™ thn poiithta all” kai thn taqOthta algorDjmwn pou
basbzontai sthn parakoloOjhsh aktin n sto g,ro thc eikinac en, par’llhla parégei mikroOc

grinouc kataskeu c, kaj,c kai klimakwt apidosh di"sqgishc aktin,n. Wstiso, h sugkekriménh

meéjodoc prosférei proseggistik poiithta eikinac, sugkritik® me tic paradosiakéc mejidouc
parakoloOjhshc aktin,n, kai mporeD na égei uyhli kistoc mn mhc ligw thc apoj keushc dedo-
ménwn gia thn fwtoskDash twn temagbwn gia ilh thn skhn . H deOterh méjodic mac, h opoba
oloklhr nei thn éreun™ mac, metaférei thn anaballimenh logik thc apoj keushc gewmetrik ¢
plhroforDac api touc algorbjmouc parakoloOjhshc aktin,n sto montélo sgedbashc grafik n.

Me autin ton tripo eDmaste se jésh na dhmiourg soume mba dom pou basbzetai se gewmetrbDa antb
gia tem"gia kai na uposthrDxoume treic, antikrouimenouc se prohgoOmenec ereunhtikéc douleiéc,
stiqouc: (i) dunamik™ peribllonta me gr gorouc grinouc kataskeu c, (i) poiithta tautishmh

me touc algirijmouc parakoloOjhshc aktin.n me eléggouc tom n basisménouc se polOgwna
kai (iii) meiwmeénec apait seic mn mhc. Epipléon, h proteinimenh méjodoc belti nei kai genikeQei
peraitérw ton tomeéa thc parakoloOjhshc aktin,n sto g,ro thc eikinac me thn axiopobhsh
diafirwn beltistopoi sewn metaphd sewn q.rou ,ste na uposthrbxei apotelesmatik™ analu-

tikoOc eléggouc tom,n metaxO aktin,n kai polug, nwn.
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Chapter 1

Introduction

Over the last few years, the tremendous increase in graphics processing power in conjunction with the
capabilities of parallel computing in rendering applications has increased the need for methods delivering
highly realistic, interactive content.

In this thesis, we investigate such methods, in the eld of photorealistic image synthesis. Our
contributions focus exclusively on the development of robust algorithms for global illumination (Gl),
directly applicable to interactive and real-time rendering of dynamic environments.

This chapter is organized as follows: Sectibt provides a generic introduction to rendering and
illumination. Sectionl.2 discusses the open problems that were targeted during this research and
Sectionl.3summarizes our contributions. Finally, Sectibd outlines and explains the structure of this
thesis.

1.1 Rendering

In this section, we begin with an introduction to the areas of rendering and realistic image synthesis.
We provide an explanation to these generic concepts in order to familiarize readers with the general
terminology used throughout this thesis.

1.1.1 Classi cation of Rendering Algorithms

The generation of synthetic images based on a collection of data, e.g., the representation of a virtual
environment, is accomplished through the processmdering This vast eld of computer graphics has
numerous applications in multiple areas such as architectural design, games, the Ims and TV industry and
medical and scienti ¢ visualization, just to name a few. Consequently, a large amount of research effort
has been focused on the development of generic, accurate and robust rendering algorithms throughout the
years.

One way to classify rendering methods is according to the following broad criteria: (i) the realistic
accuracy of the generated images and (ii) interactivity.

According to the rst criterion, the distinction falls betwephotorealisticandnon-photorealistic
rendering. The main goal of photorealistic rendering is the generation of images indistinguishable from
real photographs, by simulating the phenomena of the physical world as closely as possible. Conversely,
in non-photorealistic rendering, the necessity to obey the physical laws is more relaxed. These algorithms,
therefore, depend partially or wholly on stylized rendering. Typical uses include toon rendering and
technical illustrations. Other non-photorealistic approaches emphasize the interpretation and intuitive
association of data; i.e., conveying information in a more contextual and understandable way to the human
brain. A common example of the latter is scienti ¢ visualization.

Regarding the second criterion, algorithms are categorizefliae, interactiveor real-time listed
here in ascending order with respect to interactivity requirements. Of ine algorithms, the prevailing
approach for production rendering, have zero interactivity requirements as the nal content is delivered to



2 1.1 Rendering

the target audience as a nalized, xed creation, e.g., in the form of a digital movie sequence. Therefore,
their major priority is the generation of images with the highest possible degree of visual quality. To
accomplish this, computer clusters (render farms) may work in parallel for minutes, hours or even longer
in order to produce a single frame.

On the other side of the spectrum, real-time algorithms focus on interactivity, immersion and fully
dynamic content, i.e., environments that can change drastically in every frame. Being directly applicable
to games and executed on commodity hardware, the rendered image is generally computed in fractions of
a second, e.g., 16ms or 60 frames per second (fps). This way, the latency between user-triggered actions
and the nal result is minimized. However, the need to deliver a smooth interactive experience on fully
dynamic environments poses severe restrictions both on the data size and quality of the input as well as on
the algorithmic complexity of the operations that can be performed.

Algorithms operating at interactive rates but with no strict timing requirements, lie in the middle and
balance the constraints posed by interactivity and quality. Hence, they are aimed at applications where
the nal result depends on both. Architectural and lighting design are prominent examples of interactive
rendering. There, physically correct visualization of the environment is not the only design goal; the
various parameters that constitute the virtual environment, such as the camera, geometry or light sources
can be manipulated, deformed, changed or removed at any time. In such applications, image updates of
up to one minute may be tolerable.

At this point, we should clarify the use of the term “interactive” as it is used throughout this thesis.
First, while an algorithm capable of handling dynamic content is inherently considered interactive, the
opposite does not always hold true in the literature; an interactive algorithm does not necessarily imply its
capability to support dynamic environments. In several methods, for example, interactive walkthroughs
are possible as long as the environment remains static. If anything changes, however, such as the locations
and physical properties of the objects and/or the light sources, a (non-interactive) computation stage
must be performed again. When we refer to an interactive algorithm throughout this thesis, we indirectly
assume dynamic content and, therefore, the time constraints relate to the entire process. Second, it can
be reasonable to assume that an algorithm operating at real-time rates is an interactive algorithm as well.
Here, they are treated separately; an interactive method lies between of ine and real-time rendering and is
distinguished from real-time image generation due to its more relaxed time constraints.

1.1.2 Global lllumination

An illumination algorithmreceives as input a description of a virtual environment, containing information

on the location of objects and their material properties, a set of light sources and a speci cation of a sensor;
a camera representing an eye in the virtual world. The expected outcome is then an image, depicting the
scene as if the user was viewing it in the real world from that particular camera location. The design of
such ef cient and robust algorithms forms the basis of realistic image synthesis.

Photorealistic rendering is, ideally, based on the theory of light transport. However, an accurate
simulation of the quantum nature of light is practically infeasible and simpli cations are deemed as
necessary. In computer graphics, the macroscopic modglarfietric opticss usually employed which, in
most scenarios, is a suf cient approximation of energy transport in the visible range of the electromagnetic
spectrum. In this model, the measured quantity (radiance) is assumed to propagate instantaneously (in
vacuum), following in nitesimally thin straight paths (rays) in homogeneous media, diverging only on
material boundaries (e.g., a change of the index of refraction).rdidering equationproposed by
Kajiya in 1986 Kaj86), is the prevailing mathematical model used to date and has been extensively used
in graphics research to describe the interaction of light and matter in a synthetic environment.

A full global illuminationalgorithm attempts to solve the rendering equation in its entirety, i.e., at
every location within the environment. However, this involves the computation of high-dimensional
integrals of discontinuous functions and is considered an intractable problem (a thorough discussion is
provided in ChapteR). As such, a large part of research in the graphics community has been devoted
on the development of robust illumination algorithms by simplifying and approximating the rendering
eqguation.
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For example, the radiosity algorithm works on a discretized version of the scene and assumes all
surfaces are pure diffuse re ectors (see Secfighl). The simulation of caustics, which appear due to
multiple re ective and refractive rays focusing on a diffuse surface, are best approached with photon
mapping (see Sectidh4.3. Both of these methods introduce statistical bias. Approaches that attempt
to solve the rendering equation without introducing any systematic error also exist, such as path tracing,
which works by recursively tracing rays throughout the environment. Nevertheless, their probabilistic
nature makes them rather inef cient with in nitesimally small light sources and highly specular surfaces
(see Sectiorz.4.2).

1.2 Problem Description

As already discussed, the goal of any illumination algorithm is to generate synthetic images based on a set
of parameters and conditions representing a virtual environment. The illumination problem is inherently a
visibility problem. For each light-surface interaction within the environment, we need to either identify the
surface locations reachable by photons emitted from a point on a luminary or gather the energy transported
via other surfaces directly in the line of sight of a particular gathering point.

Even though this process can be rather complicated, it can be also decomposed into an ordered
seguence of speci ¢ steps. Thus, the rendering problem can be expressed in the form of a pipeline; a
sequence of smaller operations executed in a linear fashion, where the output of each step forms the input
of the next one, possibly in a re-entrant manner. This is calledetidering pipeline A useful property
of pipelining is that large problems can be broken down into a sequence of subproblems, where each one
can be executed ef ciently by a combination of specialized algorithms and parallelization. Furthermore,
improving the overall ef ciency of the pipeline eventually boils down to identifying and re ning the
slowest stages of the pipelinajiHO08].

Historically, the divergent design considerations between of ine and real-time applications resulted
in different approaches to resolve direct visibility, resulting in the two most popular rendering pipelines
employed today in computer graphics: rasterization and ray tracing. While they may seem conceptually
different, they are fundamentally similar; both of them can be (algorithmically) expressed in the form of a
double loop, where the order of operations in each one is switched. Due to this, and before we proceed
onto a more in-depth analysis of the problems we investigated in this thesis, we start our discussion on a
more abstract level, where we explain both the striking similarities between these two concepts as well as
their differences.

1.2.1 Classi cation of Rendering Pipelines

Regardless of the underlying operations, rendering pipelines operate under the following two conditions:
(i) given a set of three-dimensional objects (or sometimes, two-dimensional shapes) and a set of two-
dimensional pixels on the image plane, the color of each pixel in the output image must be computed,
and (ii) the accurate depiction of an image must involve the determination of visible surfaces from the
particular viewpoint the scene is rendered. Algorithmically, the rst condition can be expressed in the
form of a doubléefor loop and has led to two major algorithmic familiesbject-orderandimage-order
algorithms.

An object-order algorithm, as its name indicates, iterates over all objects rst. Each object, or primitive,
undergoes a sequence of operations and is eventually projected onto the image plane. For each pixel
overlapped by the primitive, its per-pixel color is computed but not necessarily stored in the image
buffer. This is determined by a visible surface determination algorithm, such as the Z-laidteéd[
which updates the image buffer only if the primitive encountered is the closest one up to that point.
Alternatively, a more advanced data structure may be employed, such as per-pixel linked lists, which
stores a depth-ordered sequence of all per-pixel primitives. Object-order algorithms have the advantage of
processing each primitive only once, while the per-pixel shading operation might occur more than once.
The latter can result in wasted operations when only directly visible surfaces are computed.
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Figure 1.1: A real-world photograph demonstrating global illumination. Areas not directly visible to the
light source would appear dark under a local illumination model. These media can be reached by photons
through subsequent scattering events, producing phenomena such as caustics, glossy re ections and the
“bleeding” of the color of an object into adjacent ones. (Image souRiet12))

An image-order algorithm iterates over all pixels rst. A ray is cast from each pixel location and
checked for intersections against the entire set of primitives. The pixel color is then evaluated once for
the closest intersected primitive. Image-order algorithms have the advantage of processing (shading)
each pixel only once, i.e., there are no wasted overdraw operations. On the downside, the entire set
of primitives must be traversed per pixel. This is a computationally expensive operation and requires
advanced acceleration structures to drop the traversal cost, at the expense of construction overhead.

Both algorithms are well-suited to different scenarios. Object-order techniques are able to resolve
direct visibility of opaque surfaces very fast. This is mainly for three reasons: (i) there is no need for
the construction of complex data structures, e.g., only an image- and a depth buffer are required, (i) in
typical environments, primitives tend to overlap small regions of the image buffer, exploiting the shared
resource data stored in local caches of the graphics processing unit (GPU), and (iii) the total number
of primitives is usually lower than the total number of pixels. Hence, they have been highly preferred
for real-time applications. There, a convincing amount of realism can easily be accomplished via direct
illumination effects, which simulate the appearance of surfaces based on the energy emitted directly
from the light sources, i.e., the primary bounce of light, ignoring the illumination received (indirectly)
by photons interacting with all the other objects in the environment (see Flgi)reWhile this was
traditionally deemed suf cient enough, the simulation of indirect illumination phenomena that is needed
in today's fully complex and dynamic virtual worlds, is a dif cult task. Consequently, developers end
up employing various approximative techniques to simulate isolated effects, commonly implemented
as a series of post-processing operatidasd[L5 Meyl6), resulting in an increase in the complexity of
modern graphics engines, sacri cing both the work ow and productivity.

On the other hand, global illumination phenomena are easily and accurately provided by image-order
techniques, where spawning and tracing rays throughout the environment is inherently compatible with
the natural propagation of light. However, the computational overhead of the acceleration data structures,
in conjunction with the incoherent memory patterns of secondary rays are still restricting these techniques
to partially static content.

1.2.2 The Rasterization Pipeline

Therasterizationpipeline has been the method of choice for real-time applications. Operatijeict-
order, direct visibility is determined by iterating through scene primitives, projecting them into an image
plane, sampling their surface and storing these sampled surfacedeiptta buffer(see Figurel.?2).
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Figure 1.2: Simplistic example of the rasterization pipeline. Given as input a description of the scene
(left), the nal color is computed by projecting primitives onto the image plane and sampling them (top
right). The correct depth order (with respect to the camera viewpoint) of the primitives is determined via
the use of a depth buffer, which iteratively maintains the closest depth values for each pixel (top middle).
A real-time example of a depth buffer, along with the nal image, is shown at the bottom.

The advantage of rasterization is due to its practicality. It can be easily implemented in hardware and
can therefore exploit the available rasterization units, allows for high local data cache-coherence since
primitives tend to overlap neighboring pixels and is, in general, a more ef cient algorithm in typical
scenarios, where the number of primitives in a scene is lower than the number of pixels. Furthermore,
primary visibility, i.e., the visible surface locations with respect to the camera viewpoint, is resolved
very fast. These are the main reasons behind its popularity in real-time graphics. The major problem of
rasterization lies in its dif culty to incorporate global effects ef ciently which, in conjunction with the
various approximations involved in the process, has a direct effect in the resulting quality. These issues
have resulted in a large amount of research focusing on the improvement of the quality of these methods.
The two dominant approaches in rasterization operate either imixge domain(screen-space),
or jointly, in a discretevolume domain Screen-space techniques focus on the use of user-centered
information, i.e., originating from a particular viewpoint and within the viewing frustum (the eld of view
of the camera). This is demonstrated in Figlirg@ Despite their fast performance, all calculations are
based on a subset of geometric information stored in a set of image buffers, representing only the part
of the environment that is visible through the viewing frustum. This, along with the discrete sampling
nature of rasterization, severely approximates the input to any illumination algorithm. In more detail,
primitives are only captured if they are present at speci ¢ sampling locations inside the viewing frustum,
usually the center of the pixel. As a result, geometry oblique to the view direction is sparsely sampled
and obijects either parallel to the view direction or residing outside the view frustum are skipped entirely.
These approximations are manifested in the formiedv dependencieend comprise the main source of
visual artifacts in image-space methods. On the other hand, volume-based methods are able to capture
the entire scene by discretizing it into regularly sized blocksjaxels where each voxel serves as a
representative of the volume of the enclosed portion of the environment (see Eiguidowever, they
assume a uniform granularity of the represented geometric detail, limiting the quality of the information
that can be stored to the size of each voxel. Essentially, this assumption poses an upper-bound in the
frequency of the simulated phenomena as contact details and small-scale surface information cannot be
accurately represented. The rasterization pipeline, which is the basis of all methods developed in this
thesis, is discussed in more detail in Secttof
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Figure 1.3: Image-based methods capture the scene with respect to a particular viewpoint (blue circle).
For each pixel on the image plane, a series of samples (fragments) are generated and stored. Depending
on the technique, the stored samples can represent only the rst visible surface (single-layer - yellow
circles), or its subsequent ones as well (multi-layer - green circles).

1.2.3 The Ray Tracing Pipeline

Ray tracingis considered the most widely accepted approach for physically correct simulation of global
illumination phenomena. Algorithms based on ray tracing provide more direct means (compared to
rasterization) to determine visible surfaces and perform illumination computations. In general, the process
involves the construction of an object-based spatial data structure and the tracing of rays throughout
the environment to identify the closest ray-objects intersections, without involving projections or scene
approximations. On the downside, ray tracing requires that for every ray, the entire environment must be
traversed. Clearly, this requires the use of complex acceleration structures, as naive traversal can become
prohibitively slow even for simple environments.

A common ray tracing pipeline consist of two simple stages: a construction stage and a ray traversal
stage. Typically, the acceleration structures employed in ray tracing are usually based on some form of
spatial partitioning scheme, such as kd-trees and octrees or on bounding volume representations. The
major bene t is of these structures is that they are organized hierarchically, which reduces the traversal
complexity fromO(n) to O(logn). However, they are computationally expensive to construct and
this process has been historically considered more of a preprocess operation. In order to support some
form of interactive content, the data structure must be either partially updated or entirely rebuilt from

Figure 1.4: Volume-based methods discretize the scene into regularly sized voxels of uniform granularity.
Left: The high-detailed model. Middle-left to right: Successive voxelizations of the original version.
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Figure 1.5: lllustrative example of an image-driven ray tracing pipeline. Rays are generated from the
virtual camera, crossing the image plane, and traced within the environment. The nal color of each pixel
is decided based on the intersections of these rays with the scene objects. (Image adapt¥dkedn: [

scratch. Alternatively, simpler data structures can be employed, such as regular grids, which offer much
faster construction times. However, this comes at the expense of ef cient ray traversal as empty space
skipping is unavailable. A brief discussion on the research conducted in spatial data structures is offered
in Section3.1.2

During traversal, rays can be shot from any location in the environment to simulate light transport for
various purposes. For example, one can trace the trajectories of photons by sending out rays from the
surface of luminaries and following the paths that are formed after the photons are de ected on surface
boundaries. In image generation, a very common approach is to generate a set of “primary” rays from the
camera that cross each pixel and are directed towards the environment, e.g., as in an image-order algorithm.
By following the rays' trajectory as they intersect and get scattered off or through objects, we can estimate
the light energy that contributes to each pixel, and shade it accordingly (see Eigur€here are various
ways in which ray traversal can be exploited, ranging from direct visibility calculatiyms§8 and simple
re ection/refraction effects\\Vhi8Q] to probabilistic Kaj86] and mutation-driven approache¢a9g.
These methods are discussed in more detail in Se2tib

The advantage of these approaches lies in their simplicity. By simulating the ow of light propagation
common physical effects are indirectly provided, allowing the production of visually stunning images.
However, the resource-demanding construction stage that is required frequently in interactive content, the
irregular memory access patterns observed mainly during the tracing of incoherent rays and its hardware
implementation dif culty have, traditionally, restricted ray tracing to static content and production
rendering.

1.2.4 Problems in Real-time Global lllumination

The technical challenges posed by the strict time restrictions of real-time applications require developers to
implement and integrate highly ef cient algorithms with very controllable and bounded performance into
their applications, making it an intriguing eld of research in computer graphics. As already discussed,
the majority of these techniques are based on the rasterization pipeline. There, real-time illumination
algorithms have to employ a series of assumptions and approximations in order to ensure the highest
possible interactivity and minimization of latency.

The most crucial simpli cation is induced on the environment where a full geometric representation,
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that is, a primitive-based structure, is replaced by either the directly visible surfaces from the camera
viewpoint in screen-space methods or by a voxel grid in volume-based ones. This modi cation is important
as it decouples the scene complexity from the algorithmic input, making possible the development of
robust and ef cient algorithms applicable to dynamic environments with important gains in terms of
rendering times, memory size and bandwidth requirements.

A second important simpli cation is performed on the algorithmic operations, e.g., the rendering
equation. The most common practice involves the computation of direct and indirect illumination
separately, since direct effects can be computed very ef ciently in the rasterization pipeline. The indirect
part, however, is computationally expensive even for non real-time applications and, historically, it was
replaced by a constant ambient term. In the last few years, numerous illumination techniques have
been proposed that are able to achieve suf ciently convincing results for the purposes of real-time
rendering. Despite being quite diverse in the way they operate, the simpli cations imposed on the
rendering equation are usually similar: the generic scattering distribution function is replaced by speci c
distributions modeling ideally diffuse or glossy surfaces, the number of light paths is restricted to one or
two, participating media are often omitted and, nally, occlusion between indirect light paths is either
approximated or entirely ignored. Empirical methods are also used, such as ambient occlusion. The
numerous ways the rendering equation is approximated and a thorough categorization of the proposed
techniques in the literature are discussed in SecoBand?2.4 respectively.

It becomes evident that illumination algorithms can pose some very interesting problems in the domain
of real-time rendering making in an exciting eld of research. In this thesis, we focus on and investigate
two of the most popular approaches, screen-space ambient occlusion and voxel-based global illumination,
which we describe next.

1.2.4.1 Screen-space Ambient Occlusion

Ambient occlusion (AO) attempts to estimate the “openness” of the environment around a point of interest
and is the most extensively used technique for contact shadows, corner darkening and ambient light
attenuation (see Sectigh3.9. By exploiting the rasterization pipeline, its screen-space variants can

be executed at very low rendering times, support fully dynamic environments and greatly enhance the
resulting realism in almost all scenarios. Therefore, a large amount of research interest has been devoted
to the improvements of these methods.

In the literature, a multitude of techniques have been proposed in order to improve sampling quality,
memory access patterns and the convergence of the occlusion estimator. However, the view-dependent
approximation of the algorithmic input causes severe deviations on the occlusion estimator, resulting in
visual instability of the rendered image. Surprisingly, this issue has received very little interest from the
research community. So far, the proposed methods attempt to mitigate the problem by either combining
several depth-peeled layers and storing the highest occlusion or operating via a xed view con guration
relative to the camera position. The limitations of previous methods are: (i) the generation of multiple
views imposing an almost linear increase in the rendering times, (ii) a camera-based con guration is not
able to capture geometric information parallel to the view direction and, (iii) the view with the highest
occlusion is favored rather than the view with better visibility properties between both the shaded point
and the samples drawn in its neighborhood.

Our rstwork, presented in Chaptdr, investigatesll of the aforementioned issues and also proposes
a multiview con guration to compute the occlusion estimator with three major differences: (i) the location
of the views is based on arbitrary viewpoints, allowing the use of the readily available shadow maps which
imposes no additional cost in the construction stage, (ii) the estimator is computed via an importance-based
weighting scheme, favoring occlusion from views with higher importance in screen-space, and (iii) an
adaptive sample selection technique ensures that the estimation of ambient occlusion comes in sub-linear
computational cost with respect to the number of views.
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1.2.4.2 \olume-based Global lllumination

A more accurate and complete computation of indirect illumination requires knowledge of the entire envi-
ronment, since the energy emitted from the light sources is propagated throughout the entire scene before
reaching the camera sensor. For real-time purposes, the ray tracing procedure against the costly spatial
acceleration structure is usually replaced by a nal gathering operation against a coarse discretization of
the scene.

A typical process in these voxel-based methods is as follows: Initially, the scene is discretized
spatially into a uniform lattice. Second, the light emitted from the light sources is captured in some form
of image-based representation, e.g., cubemaps or some instant radiosity variant. Third, the incoming
radiance is encoded as a radial function, whose coef cients are rapidly computed through projection to
a truncated series of orthonormal basis functions such as spherical or hemi-spherical harmonics, and
injected into the cells of the three dimensional lattice. This process is aatddng where each cell
serves as aache pointsparsely storing a representative of radiance at that location in space, called the
radiance eld Energy is then distributed within the volume by exchanging information between cache
points through either a sampling procedure or an iterative propagation scheme. In a nal step, the indirect
illumination is computed by performing a nal gathering step in the high-resolution frame buffer. The
nal color is obtained by selecting a nite set of sample positions, retrieving the (interpolated) coef cients
and reconstructing the re ected radiance at each position.

The bene ts of voxel-based representations combined with the local data access and interpolation
mechanisms of graphics hardware allow for very ef cient, but approximate, computations of indirect
illumination in scenes of arbitrary complexity and dynamic lighting conditions. In this thesis, we identify
three problems existing in prior techniques, affecting both the performance and quality of the indirect
illumination. First, the standard practice of expressing the radiance eld as a truncated series of spherical
harmonics demands a large number of coef cients (for the entire scene) in order to suf ciently approximate
the original signal. Subsequently, this increases the bandwidth requirements for the texture fetches during
the gathering operation. Second, if in-scattering due to transport of indirect lighting through participating
media is absent, storing radiance for all grid points in the volume results in wasted computations. This is
mainly evident in large and open virtual environments, a typical scenario in modern real-time applications.
Finally, indirect occlusion is very costly to compute (via a cubemap representation), view-dependent
(through the depth buffer) or computed via a probabilistic scheme. To this end, we introduced the idea of
directional chrominance subsampling for radiance eld compression, an optimized positioning scheme of
radiance cache points only near surface locations and a view-independent approximate indirect shadowing
technique based on a binary geometry volume. These techniques are demonstrated as part of a fast and
stable method for indirect diffuse illumination which is presented in Chdpthlote that we consider
both the chrominance compression and the optimized positioning of cache points as generic contributions
that can be applied to other radiance caching techniques as well.

1.2.5 Problems in Interactive Global lllumination

As noted previously in this chapter, interactive applications are dependent both on visually correct results
as well as on the ability to manipulate the various parameters that constitute a virtual environment.
Therefore, the implementation of techniques able to support global illumination algorithms at interactive
rates, are ideal candidates for this rendering category.

In general, any robust interactive illumination algorithm needs to satisfy the following criteria: fast
construction, ef cient traversal times, bounded memory requirements and support for arbitrarily complex
and animated environments. So far, the con icting nature between ray tracing and rasterization methods
has resulted to the proposal of numerous techniques that improve either the interactivity in ray tracing, the
quality in rasterization, or both, by combining the two approaches.

In ray tracing, interactive rates require fast construction of the employed acceleration data structure.
Throughout the years, researchers have investigated various re tting and updating strategies in order
to inject new geometry to the previous frame's acceleration structure. However, the support of real-
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time animations, streamed from a shared distributed virtual environment or dynamically generated from
interactive manipulation tools, simulations, etc., eventually results to the simple, but costly, solution of
completely rebuilding the acceleration structure in every frame.

Rasterization-based methods, on the other hand, can elegantly support dynamic environments due
to their very fast construction stage. However, little investigation has been made so far in the literature
on their applicability to support a full global illumination algorithm. Here, the major limitations of the
previous methods are two: (i) the approximate geometric representation of rasterization (discussed in
Sectionl.2.2 poses severe limitations for the purposes of interactive rendering and (ii) their forward
strategy to fetch the shading properties of each incoming fragment (or voxel) during the construction
stage, regardless of whether they participate in the illumination computations or not, results in signi cant
waste of computational resources. Throughout this thesis, we refer to the second »aeiefatching

Finally, a recent category of methods follow a hybrid approach that attempts to bridge the gap between
rasterization-based and ray-tracing approaches. They can provide ef cient results but require multiple
data representations and are limited either in bounded environments or in the type of effects they are able
to compute.

In this thesis, we propose two methods for a robust solution to the problem of interactive rendering
by lifting the limitations of prior rasterization-based methods. The rst method, presented in CBapter
investigates the ability of rasterization to capture the entire environment and effectively perform ray-
fragment intersection tests in order to fully support a global illumination algorithm. The presented
solution augments the eld of image-space ray tracing and provides ef cient construction times as well as
scalable traversal performance. However, the resulting quality is approximate due to its fragment-based
data structure and still prone to over-fetching issues. The second approach, presented inTChapter
further generalizes the eld of image-space ray tracing by exploring a primitive-based acceleration data
structure, providing accurate ray-object intersections and a complete solution to view dependencies and
the over-fetching problem.

1.3 Summary of Contributions

In this section, we provide a detailed summary of our contributions which were discussed in the previous
sections, a list of our publications as well as a brief discussion of our research framework. In total, we
investigated four distinct techniques directly related to global illumination problems, equally allocated to
the domains of real-time and interactive rendering.

In Chapter4, we propose a generic method to address the view-dependent inconsistencies of the
screen-space ambient occlusion algorithms. We accomplish this by taking advantage of buffers containing
geometric information from other view points, already generated as part of the rendering process. Further-
more, our method introduces an importance sampling scheme for effectively fusing ambient occlusion
from arbitrary viewpoints, without overestimating the result or requiring special passes such as depth
peeling. The proposed method is not limited to a particular image-based ambient occlusion algorithm and
is thus orthogonal to previous work. Our technique maintains the advantages of screen-space methods for
real-time rendering, while signi cantly reducing view-dependent artifacts, in general.

This work, titled “Multi-view Ambient Occlusion with Importance Sampling” has been presented at
the ACM SIGGRAPH Symposium on Interactive 3D Graphics and Games (i3D) in 2013 and has been
published in theACM Digital Library.

In Chapterb, we introduce a generic approach to improve the ef ciency as well as the visual instability
of volume-based radiance caching methods in real-time rendering. First, we propose a perceptually-based
radiance eld compression scheme based on the idea of chrominance subsampling, by expressing the
radiance eld in luminance/chrominance values and encoding the directional chrominance component in
low-order spherical harmonics. This way, we allow the storage of luminance in higher-order spherical
harmonics in a smaller (total) memory budget while maintaining the ner representation of intensity
transitions. Second, our compressed scheme is combined with an optimized cache population method, by
generating cache points only at locations that are guaranteed to contribute to the reconstructed surface



11 1.3 Summary of Contributions

irradiance. Finally, we present a view-independent indirect occlusion technique, which is computed
very ef ciently based on a binary geometry volume. We integrate our contributions in a very fast and
stable diffuse indirect lighting method, with support for arbitrary light bounces and the ability to simulate
complex and dynamic environments, as demonstrated in our extensive experimental study. Last but not
least, our general qualitative evaluation indicates bene ts for of ine rendering applications as well.

This method, titled “Real-time Radiance Caching using Chrominance Compression” has been pub-
lished in theJournal of Computer Graphics Technig@€GT) in 2014 and was invited for presentation
at the ACM SIGGRAPH Symposium on Interactive 3D Graphics and Games (i3D) conference in 2015.

In Chapter6, we start our investigation on rasterization-based ray tracing for the interactive rendering
of global illumination phenomena in fully dynamic environments. We propose an image-space ray-tracing
method which, for the rst time, can effectively capture in high detail the entire environment by combining
the advantages of voxel-based approaches (complete geometry) and image-based methods (highly detailed
geometric data). Compared to prior work, the proposed method does not require any precomputations or
the maintenance of additional spatial data structures, is applicable to arbitrarily complex and dynamic
environments and can support a full global illumination solution. We initially rasterize the scene by
performing multifragment rendering in a cubemap con guration. During traversal, near and distant
geometric information is detected by generalizing screen-space ray tracing on our multiview/layered
structure. To retain fast construction times in conjunction with ef cient traversal, our data structure is based
on a novel A-bufferimplementation based on double-linked lists, depth subdivisions and decoupled storage,
allowing fast layer sorting, bi-directional traversal and ef cient empty-space skipping. Furthermore, an
experimental study is provided that demonstrates that our method can fully support global illumination
algorithms, such as path tracing as well as ambient occlusion. We conclude with the rst complete analysis
between multifragment variants in terms of performance and memory usage for ray-fragment intersections.
This evaluation showcases that our method is generic and any multifragment variant can be used instead
as a trade-off between performance and memory consumption. While the presented method is able to
reduce view-dependencies signi cantly and support the implementation of a full global illumination
algorithm, the fragment-based nature of the underlying data structure can only perform approximate
ray-object intersection queries, which restricts the accuracy of the nal image, and is susceptible to
memory over-fetching issues.

The presented work, titled “A Multiview and Multilayer approach to Interactive Ray Tracing” has
been presented at the ACM SIGGRAPH Symposium on Interactive 3D Graphics and Games (i3D) in
2016 and has been published in &M Digital Library.

In Chapter7, we continue our investigation on the eld of image-space ray tracing by proposing a
novel method which explores a primitive-based acceleration data structure and supports fast construction
times, analytic intersection tests and reduced memory requirements. Initially, we build a compact
data structure containing the scene geometry based on primitive linked-lists instead of fragment-based
information. During traversal and for each light path segment, we trace our acceleration structure for any
ray-primitive collisions. Then, for each identi ed hit, we fetch the required properties and store them
in a memory-bounded auxiliary buffer used for illumination computations. This way, we are able to
effectively resolve the over-fetching issues of prior approaches. For ef cient traversal, we exploit several
culling optimizations in image- and depth-space, such as screen-space hierarchical traversal, pixel frustum
clipping, depth subdivision and lossless buffer downscaling. Finally, our experimental study demonstrates
that our method generalizes the area of image-based ray tracing under the constraints posed by arbitrarily
complex and animated scenarios and effectively resolves the two major remaining issues of the technique
discussed in Chaptéx

The presented work, titled “DIRT: Deferred Image-based Ray Tracing” has been presented at High-
Performance Graphics (HPG) in 2016 and has been published TinthEurographics Association Digital
Library.
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Publication List

The complete publication list is also provided below:

» Kostas Vardis, Georgios Papaioannou, and Athanasios GaitdMaésview Ambient Occlusion
with Importance Samplingn: Proceedings of the ACM SIGGRAPH Symposium on Interactive 3D
Graphics and Gamed3D '13. Orlando, Florida: ACM, 2013, pp. 111-118. ISBN: 978-1-4503-
1956-0. DOI: 10.1145/2448196.2448214.

URL: http://doi.acm.org/10.1145/2448196.2448214

» Kostas Vardis, Georgios Papaioannou, and Anastasios Gkardvetistime Radiance Caching
using Chrominance Compressidn: Journal of Computer Graphics Techniques (JC@B) (Dec.
2014), pp. 111-131. ISSN: 2331-7418.

URL.: http://jcgt.org/published/0003/04/06/

» Kostas Vardis, Andreas A. Vasilakis, and Georgios PapaioanAoMultiview and Multilayer
Approach for Interactive Ray Tracindn: Proceedings of the 20th ACM SIGGRAPH Symposium on
Interactive 3D Graphics and Gamel8D '16. Redmond,Washington: ACM, 2016, pp. 171-178.
ISBN: 978-1-4503-4043-4. DOI: 10.1145/2856400.2856401.

URL.: http://doi.acm.org/10.1145/2856400.2856401

« Konstantinos Vardis, Andreas-Alexandros Vasilakis, and Georgios PapaioddifidliDeferred
Image-based Ray Tracingn: Eurographics/ ACM SIGGRAPH Symposium on High Performance
Graphics Ed. by UIf Assarsson and Warren Hunt. The Eurographics Association, 2016. ISBN:
978-3-03868-008-6. DOI: 10.2312/hpg.20161193.

URL: https://diglib.eg.org/handle/10.2312/hpg20161193

Research Platform

It should be noted that a custom graphics engine, named XEngijeWwas developed and served as a
research platform for the purposes of this thesis. XEngine was employed for the implementation of various
real-time and interactive algorithms and has provided a consistent testing framework for the experimental
study of all the methods that were investigated throughout our research. An earlier version of XEngine is
provided for free under the terms of the MIT license (MIT) throughAkE=B Computer Graphics Group

1.4 Thesis Structure

This dissertation is divided into 8 chapters. The remaining chapters are structured as follows: In £hapter
the necessary background in the eld of interactive rendering is laid out, as it is related to this thesis. In
Chapter3, we provide an overview of relevant prior art. In Chaptewe present our generic framework for

ef ciently addressing the limitations of screen-space ambient occlusion techniques in real-time rendering,
in terms of their geometric representation. In Chaptave propose our very fast volume-based global
illumination technique for diffuse surfaces, based on radiance caching and re ective shadow maps. We
explain the concept of radiance eld compression and how we support multiple bounces and indirect
visibility. In Chapter6, we present our generic method for fragment-based image-space ray tracing for
complex and dynamic environments and a full path-tracing implementation capable of fast construction
times and scalable traversal cost through approximate intersection queries. In Ghayedurther
expand the eld of image-space ray tracing by applying the deferred nature of spatial-based methods in the
rasterization pipeline, achieving fast construction times and analytic intersection tests in a memory-friendly
framework. Finally, in Chapte8, we provide a review of our research and conclude this thesis.
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Chapter 2

Theoretical Background

In this chapter, we provide the necessary theoretical background on the area of light transport and
photorealistic image synthesis. We start with an overview of some important mathematical concepts in
Section2.1 Then, we discuss the elements of light transport, their formulations in computer graphics as
well as the most common ways to solve the rendering equation, in Se2t@res3 and?2.4, respectively.

We continue with a brief discussion on color spaces in Se@ibnand nally, we conclude with the
rasterization pipeline, in Sectic¢h®6.

2.1 Mathematical Preliminaries

The development of robust illumination algorithms is fundamentally based on the exploitation of powerful
mathematical concepts and tools. For example, the estimation of high-dimensional integrals, such
as the rendering equation, is based on numerical analysis and stochastic methods. Similarly, various
approximation techniques rely on the properties of functions represented in the frequency domain.
Consequently, the illumination algorithms presented in this thesis depend heavily on the understanding of
such approaches.

The beginning of this chapter is devoted on two very important mathematical topics, as they are
related to this thesis. Monte Carlo integration, along with the basics of probability theory is discussed in
Section2.1.1 Then, the Spherical Harmonic functions are presented in Seztiop

2.1.1 Monte Carlo Integration

In global illumination problems, we need to estimate the distribution of light in a virtual world, expressed
through the rendering equation (see Secd). In its general form, this involves the estimation of

a de nite high-dimensional integral of a potentially discontinuous and a priori unknown function of

incoming light (radiance) for which no closed-form solution exists. In absence of an analytical form, the
integral is approximated using numerical integration techniques.

Numerical methods are commonly classi eddeterministicandstochastic Deterministic techniques,
such as quadrature integration, approximate the integral as a sum @agtitions over the domain
of interest. They perform reasonably well and have high convergence rates as long as there are no
discontinuities present and the number of dimensions is low.

Stochastic methods on the other hand, are better suited to model complex behaviors involving large
datasets with a high degree of uncertainty such as weather forecasts, earthquake predictions and Brownian
motion, i.e., the irregular movement of microscopic particles due to collisions of molecules with the
encompassing medium. Besides that, they are also well-suited to simulate complicated problems expressed
in the form of high-dimensional integrals. The most powerful tools for solving the rendering equation are
based on Monte Carlo integratioB¢b94. The idea is trivially simple: random samples are chosen over
the integration domain, the integrand is evaluated for each sample and, nally, the integral is approximated
based on the statistical mean of these evaluations.
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Figure 2.1: Path tracing example of the convergence of the Monte Carlo estimator. High variance,
manifested as noise, is dominating the image when only 1 sample per pixel (spp) is used (left). This is
gradually reduced by increasing the number of samples (middle and right). Variance reduction techniques
have been employed in the generations of these images, such as importance sampling. Image rendered
with XEngine [VP], using the method presented in Chapter

Monte Carlo integration is very powerful due to its simplicity; the evaluation of any complex multi-
dimensional integral is transformed into a simple expected value problem. Furthermore, its convergence
rate is independent of the number of dimensions and, most importantly, it poses no restrictions on the
continuity or form of the integrand. Its major drawback is that it suffers from high variance and a large
number of samples are typically required to ensure convergence. In illumination algorithms, this is
commonly manifested as high-frequency noise. Therefore, a large number of samples is required to reduce
the variance and converge to the expected solution. To increase the convergence rate, variance reduction
techniques are usually employed. For example, importance sampling is used in order to distribute samples
towards areas that contribute more to the nal integral value. Another source of variance is due to the use
random numbers, which can produce clumping under a nite amount of trials. To reduce these errors,
various techniques make use of methods based on the strategic distribution of samples, such as strati ed
sampling, and low-discrepancy sequences. An example of the convergence of the Monte Carlo Estimator
is shown in Figure.1

Next, we brie y review Monte Carlo integration and some aspects from probability theory as they are
related to the research conducted on this thesis. For more information, the interested reader is directed
to [PHO4 Dut+0€.

2.1.1.1 Basics of Probability Theory

Stochastic processes are based on the idea of random numbiarseloin variablex is a variable generated
by a random process, based on a set of probable outcomes. Each time an experiment is performed, the
value ofx is chosen from the given set of outcomes, where each outcome is associated with a certain
probability.

As an example, a random variable might describe the outcome of ipping a coin, which would be
heads or tails, such a$ = [heads; tails]. If the coin is fair, the probability of each outcorpgis % It
could also describe the result of rolling a die, which would be a value in the integér 6gtFor a fair die,
the probability of each outcong = %. In this sense, a random variable is also understood as a function,
a mapping of a set of outcomes to certain values. These are examplissreferandom variables, where
the set of possible outcomes is nite, or countably in nite (such as the set of natural nuipdfs is
de ned over a continuous domain, it is referred to apatinuousandom variable, e.g., the exact height
of a random person, or a point on the surface of a sphere. Since the rendering equation takes values over
the domain of real numbers (assuming geometric optics), we restrict our discussion to continuous random
variables.
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Theexpected valuef a continuous random variabe or the weighted mean, de ned over a domain
,is: Z
EXl=  xp(x)dx; (2.1)

wherep(x) is theprobability density functionor PDF, describing the probability of occurrence of each
outcome of the random variable in the rarjgex + dx]. In a similar fashion, given a function of random
variablesf (x), which is also a random variable, its expected value for the s#{Rr)as:

z

E[f (x)] = f (X)p(x) dx: (2.2)

The PDF has the following properties: (i) it is non-negative, (ii) it always integrates to one over the domain
of interest: Z,
p(x)dx =1; (2.3)
a
and, (iii) itis the derivative of theumulative distribution functigror CDF, which describes the probability
that a random variable is less or equal than some walue
Zy
CDF(x vy)= p(x) dx: (2.4)
1

2.1.1.2 Monte Carlo Estimator

Assume we need to evaluate the intedgraf a functionf over a domain :
Z

= fXx)dx (2.5)

The idea of Monte Carlo integration is to approximatby drawingN samples over the integration
domain, where each sample is weighted by a probability density function:

1R £ (x).
N . p(xi)’

(2.6)

wherelis the estimator of the target function axg :::; xn areindependent and identically distributed
random variables.
The Monte Carlo estimator isnbiased the expected value df is equal to the original integral,
E[]= 1. In other words, the estimator will equal the correct solutmmaverage Biasedestimators
also exist, where the expected value of the estimator is not the correct one. However, a biased estimator
might convergeo the correct solution as the number of samples approaches in nity. In these cases, the
estimator is considerdaiased but consistenin various scenarios, these types of estimators are preferred
as they are simpler and faster to compute. The variaRa# the Monte Carlo estimator is:
z
- L F(X) 2 .

=5 G e (2.7)
which shows that the variance is proportiona‘%to Consequently, the error decreases at a ra@(@%).
In other words, the number of samples must be increasddibgrder for the error to be reduced By

Importance Sampling

As already explained, Monte Carlo approaches suffer from high variance. A major source of variance
is due to the choice of the probability density functi@uf+06. The simplest PDF is the uniform
probability distribution, i.e., where each sample has equal probability of being selected over the integration
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Uniform PDF “Good” PDF “Bad” PDF DuoY%o W &

(x) i) A T px f(x)

Figure 2.2: The choice of the probability density function is highly important for the reduction of variance.
Left: The simplest PDF(x)), chooses samples uniformly over the domain of integration, which can
lead to high variance. Middle left and right: The ef ciency of importance sampling techniques depend on
the choice of the PDF. A good PDF should match as closely as possible the sligmistfibuting more
samples towards areas where the integrand has high values. Right: Multiple importance sampling can be
employed in cases wheféx) contains peaks originating from more than one functions, where samples
are distributed based on more than one PDFs.

domain. Such a PDF can lead to high variance if a function contains high peaks in several regions, as an
enormous amount of samples would be required in order to reach these areas and converge to the expected
value of the integral (see left of Figuge2). Ideally, the optimal PDF is one that sets the variance to zero.
Unfortunately, such a PDF requires knowledge of the integral we are trying to compute:

_p i)

p(x) = Fx)dx- (2.8)

In other words, an optimal PDF can not be found. However, if we can generate a PDF that exhibits
similar characteristics tb, we can achieve signi cant error reduction. Intuitively, this makes sense:
distributing the samples towards regions whietteas high (important) values, will increase the ef ciency

of the estimator. The technique of reducing the variance based on the choice of an alternative distribution
function that (partially) matches the form of the integrand is cailtegortance samplingThe choice

of the PDF in these techniques is particularly important, as performing importance sampling based on
a badly chosen distribution function, i.e., distributing samples towards regions fvihaslow values,

can result in highly increased variance, even worse than the one resulting from a uniform PDF. This is
demonstrated in the middle insets of Figdrg

Important sampling based on a simple PDF might not always ﬁe bene cial. Consider the case where
the integrand consists of the product of more than one functions, gfx)h(x) dx, and a single PDF
cannot be easily derived from them. Distributing samples based on, for exgnpdelld result in slow
convergence in areas where the shape of the integrand is dominated$the PDF of would give very
low contribution there (right of Figurg.2). In these cases, a very powerful strategy is the combination of
multiple distribution functions, known amultiple importance samplingdn this technique, samples are
drawn from multiple distributions and weighted accordingly against all of them, resulting in signi cant
variance reduction.

A common practice in illumination algorithms is the distribution of samples based on one or more
of the functions comprising the illumination integral (e.g., the rendering equation); a cosine weighted
term, the incident light, or the material properties of the underlying surfaces. For example, in a scene
consisting of large area lights and specular surfaces, the probability that a uniformly chosen light sample
will contribute signi cantly to the highly narrow outgoing direction of a re ection event is signi cantly
small. There, distributing samples based on the material's properties, i.e., the bidirectional scattering
distribution function (see Sectidh2.3.]), ensures a faster convergence. Conversely, scenes containing
small lights and materials with wide distribution lobes can bene t from sampling the light sources, as the
probability that samples generated based on the surface properties will reach the light source is again,
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Figure 2.3: Examples of sampling strategies. Left: Employing (pseudo) random numbers can lead to
bad distribution of samples, missing large and important areas of the integration domain. Middle-left:
Dividing the domain into subregions and placing a sample at each center resolves this issue, but causes
aliasing. Middle-right: Strati ed sampling jitters the location of samples in each subregion, essentially
replacing aliasing with noise, which is less objectionable (perceptually) to the human visual system. Right:
Quasi-random sequences (e.g., using the Halton set) exchange the randomness with determinism in order
to enforce a better equidistribution of the generated samples.

small. In the case, however, where scenes consist of both specular surfaces and large light emitters,
multiple importance sampling is the optimal choice in order to distribute samples based on the both
the BSDF as well as the light sources. For more details regarding the intrinsics of multiple importance
sampling and its impact on the approximation of illumination integrals, the interested reader is referred to
the PhD thesis of Eric VeaciW§a9g.

Distribution Techniques

A nite number of samples can end up being poorly distributed over the integration domain, causing
clumpingin various regions of the integrand (left of Figu2e8). This is a second source of variance,
regardless of the PDF used. As such, various variance reduction techniques are focused on the careful
placement of samples over the domain of interest.

Strati ed samplingpartitions the integration domain intonon-overlapping regions. In each region, or
stratum a sample is chosen based on a probability density function, usually a simple uniform distribution
(middle-left and middle-right of Figur@.3). This ensures that samples are well-distributed over the
entire domain, reducing the estimator's variance more ef ciently. However, the total number of samples
is dimension-dependent, requirin samples for al-dimensional integral. Hence, this technique can
quickly become prohibitive for a large number of dimensions.

N-rooks samplingShi9] retains the subdivision characteristics of the aforementioned techniques,
but requires onlyn samples regardless of the domain dimensionality.

Finally, quasi Monte Carlssampling strategies reduce the variance by entirely replacing the random
number generation with deterministic low-discrepancy sequences, enforcing an equal distribution, or
minimum separation, between the generated samplie®§ (right of Figure2.3). The Halton and
Hammersley sets are commonly used in these techniques, as they are trivial to compute and can easily
extend to multiple dimensions. These sets are based on the radical inverse, i.e., expressing positive integers
as a sequence of digits of a particular base and re ecting these digits around the decimal point. To generate
numbers for the 1- and 2-dimensional case of the Halton and Hammersley sets, the base 2 of the radical
inverse (also known as the Van der Corput sequence) is used. For multiple dimensions, numbers can be
easily generated by using different bases, each one associated with a different prime number.
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2.1.2 Spherical Harmonics

Spherical harmonicsgH65 (SH) are harmonic polynomial functions which satisfy Laplace's equation
when restricted to a sphere. They have a direct correlation with Fourier analysis and the Fourier series,
which is used to represent functions on the two-dimensional circle instead of the three-dimensional sphere.
In Fourier series, a function can be approximated as a linear combination of (in nite) sinusoids, where each
weight is essentially a projection of the target function on a particular basis function, representing a speci ¢
frequency on the frequency domain. Similarly, spherical harmonics can be employed to approximate
functions de ned on the surface of a sphere, such as functions included in the rendering equation.

The SH have been extensively used for the representation of BREMS7 WAT92], BRDFs
and intensity distribution§Jil+91], environment mapsfH01, SKS03 and radiance cachindNPG05
KD10; KED11; MP1Z; Papl]. Other forms of representations also exist, such as hemispherical harmon-
ics [Gau+04 Kri+05], Spherical Radial Basis Functionsqu+06g, Wavelets {5or+93 NRH03 NRHO04;

Kon+0g and Spherical Wavelet$S[E93.

Outside the eld of computer graphics, they have a wide range of applications in problems in-
volving spherical symmetry, ranging from the computation of atomic orbital electron con gurations in
quantum mechanic&€dm9og to the representation of the gravitational and magnetic elds of celestial
bodies CamO03.

In this section we provide a brief overview of spherical harmonics, as they are related to this thesis
(see Chapteb) and the eld of computer graphics in general. For a more thorough analysis the readers
are referred toGre03 Sch0% Ram02 Slo0g.

De nition

Spherical harmonics are a set of orthonormal basis functions over the unit sphere. Using the conversion
between Cartesiafx;y; z) and spherical coordinates ( ):

(X;y;z)=(rsin cos;r sin sin;r cos ); (2.9)

wherer 2 [0;1 ) is the radius, 2 [0; ]is the inclination angle from the z direction, an® [0;2 )
is the azimuth angle. The basis function set of spherical harmonics on the unit sphere are de ned as
functions of(1; ; ) as:

Y"(; )= N"e™ P™(cos ); (2.10)

wherel;m 2 Z; | m [. The variabld is referred to as thdegree frequencyband or band index
of the corresponding spherical harmonic function and the variatds theorder. The band is directly
associated with the degree of the polynomials it represents, e.g.0Obardconstant function, barid
contains linear functions, bar&icontains quadratic functions, etc. From the inequality constraint,of

follows that there ar@l + 1 basis functions for each degrkerhe variableN,™ is simply a normalization
constant: S

2041 (1 j mj)t
4  (I+jmj’
and, nally, P™ are theassociated Legendre polynomial$he formula presented in Equati@l0

contains complex values. However, since illumination computations require only values in the set of the
real numbers, a real basis of spherical harmonics is also de ned as:

N = (2.11)

8 . .
3 p?NIm PI™ (cos )sinjmj ; ifm< O;
Y"(; )= 5 BIImPIm(cos ); ifm=0; (2.12)

- 2N"P™(cos )cosm; if m> O
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Figure 2.4: The rst 4 frequency bandls= [0; 1; 2; 3] of the real spherical harmonics functions where
the values represent distance from the origin. Green and red represent positive and negative values
respectively.

The associated Legendre polynomials can also be de ned in a numerically ef cient way according to a
recurrence formulaHre+96, where each polynomial generated is based on prior computations:

PM(x)=( 1)M@m 1N x?)"m=2
P+ (x) = x(2m + 1) P (x); (2.13)
(I mPT(x)=x@ DP"(x) (+m  1)PT,(x):
An example of the rst4 degrees of the real spherical harmonics is shown in FigutéNe next discuss
some important operations and properties of spherical harmonics. However, properties such as the integral

of triple products and rotations of projected functions are omitted, as they are outside the scope of this
thesis.

Orthonormality

Spherical harmonics obey an orthonormality relationship. More speci cally, two functiomsdf; are
said to beorthogonalif: Z

fi()f; (x)dx = kij i ; (2.14)
where jj is the Kronecker delta: (
0 ifi 6 j;
ij = 2.15
! 1 ifi=j (2.15)

Essentially, the inner product of two different functions forming an orthogonal ba@istherwise it is
equal to a constant factéy; . In the special case & = 1, the basis set is alsarthonormal

As in linear algebra, where the use of an orthonormal basis, such as the standard basis, simpli es
various operations in vector space, orthonormal basis functions simplify similar operations in function
space. For example, a vector can be described as a linear combination of orthonormal basis vectors, as a
function is described as a linear combination of orthonormal basis functions. The coef cients required
for the linear combination in vector space describesihalarity of this vector against each orthonormal
basis vector and are obtained through a projection operation which resolves to a simple dot product. In a
similar analogy, the coef cients required for the linear combination in function space are obtained through
a projection operation which resolves to a simple inner product:

z
¢ = f(xX)Bj(x)dx; (2.16)
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where the coef cient; describes the amount of similarity between the target fundtiamd a basis
functionB;.

Projection

Spherical harmonics are an orthonormal basis set of functions. Therefore, any spherical function can be
approximated as a linear combination, or weighted sum, through@emsioror reconstructioroperation.
The coef cients, or weights, are obtained bpmjectionoperation of the target functidnagainst each of
the basis functions. The formula to compute each coef cofhis:

z, z z

o = f(; )Yy,"(; )sin dd = f)yyme)dy (2.17)
=0 =0 4

where 4 isthe spherical domain andis the direction of integration. In practice, each coef cient is
approximated through Monte Carlo integration (see Sed@iar), such as:

FRACDHAIGN

N o) (2.18)

wherei = I(I +1)+ m.

Reconstruction

The reconstructed functioh is a linear combination of the SH coef cients and the basis functions
expressed as an in nite series sum:

X
f(1)= anym(): (2.19)
|

1=0 m=

This way, the target function can be reconstructed entirely. However, this requires an in nite number of
coef cients and, in practice, the target functioraigproximatedhrough a nite number of coef cients.
The approximated functioft is a band-limited version of the target functibn

X x=| X
(1) = M) = GYi(); (2.20)

=0 m= | i

where(n + 1) 2 coef cients are needed to obtain an band-limited approximation of degree

Note that the actual number of coef cients required for a particatardegree approximation often
leads to confusion in the computer graphics literature. For examfte] degree truncated series requires
atotal ofl + 3+5 = 9 coef cients, corresponding to the number of basis functions present in each
frequency band, since the indexing starts at zero. However, this is usually refeBreHa@sder spherical
harmonics in graphics research papers. We follow the same naming convention within this thesis, in order
to avoid further confusion.

Product Integral

A second important property of orthonormal functions relates the integral of a double product to a set of

coef cients in frequency space:
X
a(x)b(x)dx = ab; (2.21)
i

where two SH functiona andb are expressed as a series sum of their coef ciemtandh .
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Convolution

Similar to Fourier analysis, where convolution of two functiénandh in the spatial domain is equal
to a multiplication operation in the frequency domain, spherical harmonics de ne a similar convolution
property. Given a spherical functidnand a circularly symmetric kernél i.e., which has no dependence
on the azimuthal angle, the convolution of these two functions is equal to the product of their spherical
harmonics coef cients, weighted by a constant factor:

r

4
(h f)m= mhf’flmz (2.22)

This property has been exploited in irradiance environment maps, where their computation can be seen as
a convolution between the clamped cosine factor and incoming radiRie].

Rotational Invariance

Spherical harmonic functions are rotationally invariant. This property, which can be thought of as analog to
the shift-invariance property of the 1D Fourier Transform, means that projection operations are unaffected
by rotations applied to the input functions. In other words, rotating a light source and projecting it to
spherical harmonics will produce the same result as projecting the (unrotated) light source and rotating its
SH coef cients.

2.2 Light Transport Theory

The development oflumination algorithmsrequires a deep understanding of the physical laws and
properties that explain the interaction of light and matter as well as the derivation of mathematical models
that formulate the desired phenomena. In computer graphics, an important distinction exists letaleen
andglobalillumination algorithms based on the number of light bounces in a virtual environment. Local
illumination algorithms compute the primary bounce of light, that is, surfaces are lit directly from the
light sources. Global illumination algorithms on the other hand, compute all bounces of light; surfaces are
lit both directly from the light sourceand indirectly through the scattering and transmission of photons
within the environment. The latter class of algorithms can be considered as a superset that includes the
local illumination methods, while the underlying theory is the same.

This section starts with a brief description of the different light models, in Se&idri. Basic
radiometry, which de nes the elementary quantities needed for light transport, is explained in Sezon
The interaction of light with different materials is discussed in Sei@x33 Finally, the most important
mathematical formulations of light transport with and without the presence of participating media are
presented in Sectioh.2.4

2.2.1 Light Models

The theory of light transport describes different phenomena by assuming different models of light
representation. These are classi edj@®metricwaveandquantumoptics. Each of these models captures
different properties of the dual wave-particle nature of light as it interacts with the environment at different
levels of detail.

Geometric optic®r ray opticsis the simplest light model and includes phenomena suelssrption
emittance re ection andrefraction It assumes that light propagates in straight lines (as a ray) in
homogeneous media or void space and is not affected by magnetic or gravitational elds. It comprises a
valid approximation of the light transport modeling, provided that light interacts with objects larger than
the wavelength of light.

Wave opticsdescribed by Maxwell's equations, study the light as an electromagnetic wave. This
model encompasses the properties of geometric optics but also explains effects sueHerence
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Figure 2.5: Simpli ed illustration of the geometric optics model. Light emitted from a light source can
undergo re ection, transmission and absorption as it interacts with the various objects in the environment.
(Image source:The+09§)

diffraction andpolarization These phenomena occur when light interacts with geometry of comparable
size to the wavelength of light.

Quantum opticsthe most comprehensive and complete light model to date, explains the behavior of
light at the subatomic level, which exhibits both particle and wave properties. This model can capture
photoluminescent effects such aerescenceandphosphorescencén uorescence, photons are absorbed
after interaction with matter and emitted at a different wavelength. In phosphorescence they are emitted
at different times and wavelengths. Other phenomena such as blackbody radiation and the photoelectric
effect are also explained by quantum optics. Feynman's bBekdg in quantum electrodynamics offers
an intuitive look on the theory of light and matter.

Quantum optics comprise a very complicated model for use in computer graphics. The dual particle-
wave nature of light, the required knowledge of quantum mechanics and the probabilistic behavior of
photons make quantum optics a highly complex and unintuitive model to be incorporated in rendering
applications. Wave optics explain several important effects, but this model is still not included even in
production level renderers, despite some promising work in the ¥&80; WTP0L WW08;, WW12;

Cuy+12 HP19.

Computer graphics typically use the geometric optics model (see RAgnrél his has proven suf cient
as it covers some of the most useful optical phenomena of what we see everyday and is easier to simulate.
A further simpli cation in several illumination algorithms is related to the absengedicipating media
When the medium between surfaces is considered to be vacuum (or a non-interacting solid medium)
instead of air and devoid of any particles, light scattering occurs only at the interface of surfaces and
therefore, effects such as fog cannot be simulated. A more detailed discussion on light transport and how
it relates to several elds (including computer graphics) can be found in Veach's tMesigq.

2.2.2 Radiometry

The eld of radiometry describes the quantities needed for measuring electromagnetic radiation. Radio-
metric quantities are used in global illumination algorithms to measure the way photons propagate and
interact with different media in a scene. A related efdhotometryprovides measurement units that take

into account the fact that the human eye photoreceptors have different response curves to the different
wavelengths of visible light, which ranges roughly between 380 and 750 nanometers. Since radiometric
and photometric units differ only by a weighting function, all quantities used in global illumination
calculations are in radiometric units by convention. We now discuss the basic radiometric quantities,
which are also summarized in Tat#el and illustrated in Figur@.6.
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Figure 2.6: Different radiometric quantities. From left to right: Radiant ux, the total power with no notion
of direction or area. Radiant Intensity, expressing radiant ux with respetitégtion Irradiance, which
is radiant ux overarea Radiance, measuring radiant power with respect to bothaarédirection.

Radiant Flux

The most basic radiometric quantityrediant ux or radiant power It expresses the energy of electromag-
netic radiation (in joules) per unit time (seconds). It is denoted land measured in Watfgv =J s 1].

This quantity has no notion of surface, direction of propagation or distance. It is used to express the
amount of power, that is either emitted by a light source or propagated through a surface, integrated over
all wavelengths. All other radiometric de nitions are based on the quantity of radiant power.

Radiant Intensity

Radiant intensity expresses the propagation of poweover a certain direction. Direction is expressed
as a solid angld! , which is the three-dimensional equivalent of an angle, and the unit of its measurement
is thesteradian(sr). Intensity is given by:

| = ‘;'!; (2.23)

and has units ofjwW sr 1]. For example, an isotropic light source (which emits light uniformly) can emit
10 Watts per steradian in all directions.

Irradiance

TheirradianceE is de ned as the radiant power incident per unit surface aréa. This quantity has no
notion of direction and is expressed[lW m 2]. Irradiance is given by:

_d .
T dA”

Equivalently, theadiant exitanceor radiosityB (or M in some texts) expresses the radiant power leaving
a surface (in all directions):

(2.24)

d
B=_—: 2.25
A (2.25)
For example, a uniform emitter may have a radiant exitan&\Whtts per square meter at each surface
point.

Projected Area

Light striking a surface is maximized (in terms of photon density) when the light direction is perpendicular
to the surface. As the light direction changes, the number of photons intercepted by a particular patch on
the surface of areA decreases proportionally to the cosine between the light direction and the surface
normal vector. In other words, the density of the photons per unit area decreases as a xed amount of
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photons per incident solid angle spreads out over a larger (projected) surface. The relationship between
the projected area (the area perpendicular to the light direction) and the surface area is:

Aproj = Acos = A(n !); (2.26)

where is the angle between the surface normal and the light directiorfrandl) is the dot product
between the normalized surface normal and the normalized direction of incidence. In general, light
incident on a surface is considered for a single side of the surface interface, usually over the hemisphere
above the surface.

Radiance

The quantity ofradianceL (x;! ) is a measurement of power per solid angle and per projected area, with
units off[W sr 1 m 2]. It measures the amount of light passing through an imaginary in nitesimal area
dAproj (X) perpendicular to a differential directiatt . Radiance is de ned as:

@(x) _ @ ( x) .
@A (X) @! @AXx) @! cos

Radiance is a fundamental quantity in computer graphics and especially in lighting calculations be-
cause it represents the amount of light traveling on in nitesimally thin beams of light (rays), which are
mathematically convenient for the modeling of the geometry of light transport in geometric optics. A
common distinction when computing radiance relates to the absence/presence of participating media.
When radiance is computed only at surfaces, participating media is not taken into account and light is
assumed to travel through vacuum, i.e., without any change of magnitude through the medium. In this
case, radiance is referred tosgface radianceand it remains constant as it propagates along a path
between two surface locatiorsy. Mathematically, this is expressed by:

L(x;!')= L(y; !): (2.28)

The above equation states that for two mutually visible surface pwiataly, the radiance arriving at

from direction! is the same as the radiance leawntpwards direction ! . This is a very convenient
reciprocal property for algorithms which ignore participating media, since global illumination can be
computed once the exitant surface radiance from all contributing surface points is known. Alternatively,
when participating media are present, light can be affected by the medium between surfaces (air, cloud
particles, etc.). In this case, radiance needs to be re-evaluated at all locations in-between the given path
endpoints due to scattering events within the participating medium (see S2@idrf) and is referred to

as eld radiance.

Dependence on Wavelength

All the above quantities compute the radiation for all frequencies of the electromagnetic sp&jrctral
radiant power spectral radiant intensityspectral irradiance/radiosityand spectral radianceare the
same quantities de ned per wavelength, so each one accounts also for the contribution from speci c
wavelength values. Integrating each spectral radiometric unit over the wavelength domain computes its
“all-frequency” counterpart. For example, the radiance is de ned as the integral over all wavelengths in
the electromagnetic spectrum as:
z
L(x;!)= L(x;!;, )d: (2.29)
spectrum

In rendering applications, lighting operations are usually based on RGB color space triplets, which is
de ned with respect to the centers of the wavelength response curves of the human photoreceptors (see
Section2.5). For precise illumination models, however, calculations need to be performed between
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different spectral distributions, since multiplying different spectra and converting their result to RGB
(to be displayed on the screen) is not the same as multiplication between their collapsed RGB repre-
sentationsiPee93Hal99, JF99 Smi99 WEO0Z BIi05]. Still, this approximation is frequently used for

ef ciency reasons.

Radiometric relationships

Integrating Equatior2.27over the hemisphere of directionsand using Equation®.24, 2.25and2.26
the following relationships between radiometric quantities can be derived:
z
E(x)= L&x;!i)(ngti)d!i; (2.30a)
z
B(x)=  Lo(x;!)(nx!o)d!o; (2.30b)

whereL (x;! ;) is the incident radiance at a poixntandL (x;! o) is the radiance exiting a poirtin
direction! o. These equations state that the energy arriving/leaving at ay@rhe cosine weighted
integral of incoming/outgoing radiance over the hemisphere

Similarly, by integrating EquatioB.27over and surface are@ and using Equatio.26we can
obtain: Z Z

= L(x;!o)(nx !o)d! odA; (2.31)
A
which describes the total energy passing through a su&gceal or imaginary) for all directions.

Summary

The radiometric quantities described in this section, as well as their units, are summarized & Table

Table 2.1: List of radiometric quantities

Quantity Symbol Unit Summary
Flux or power w=J st Electromagnetic energy per unit time
Intensity [ W srt Radiant power per unit solid angle
Irradiance E W m? Incident radiant power per unit area
Radiosity B orM W m? Exitant radiant power per unit area
Radiance L W m2 sl Radiant power per l_mit projected area
per unit solid angle

2.2.3 Surfaces

When light is emitted from a light source, it propagates within the environment and interacts with surfaces.
Each surface's internal structure has different characteristics that de ne its interaction with light and,
therefore, its visual appearance. According to the laws of geometric optics, light striking a surface is either
absorbed or scattered. When light is scattered, it can be either re ected or transmitted (se&.Fjgure

Absorptionhappens when a photon interacts with the internal structure of an object. The photon's
energy is transformed into some other form of energy, such as thermal energy. Absorption is related to the
reduction of light energy and does not change its trajectory.

Scatteringof light is associated with energy being re-radiated back after colliding with a medium.
Hence, it is related to the change of direction of an electromagnetic wave instead of its energy. Scattering
can occur either at the boundary of the object or at its interior, resulting in two different phenomena that
coexist. Inthe rst case, light reaches the boundary of an object and changes direction without penetrating
the surface. This is callesurface re ection In the second case, photons are transmitted (refracted)
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Figure 2.7: Interaction of light with matter. Photons striking an object are either re ected at its boundary
(yellow arrows), or transmitted through it. In the latter case, they are internally absorbed and scattered
(green arrows) or exit back at the surface (blue arrows). (Image soMcA13])

through the boundary of the object and if they are not absorbed, they are internally scattered. This is
calledbodyor volume re ection When light is internally scattered it can exit back at some other point on
the surface, a process callsgbsurface scattering

Metals, or conductors, are mostly characterized by their surface re ectance since most of the trans-
mitted light is absorbed. Insulators, or dielectrics, however, have lower absorption coef cients, which
allows more light to be transmitted and internally scattered. Thus, since surfaces interact with light
at their boundary as well as at their interior, both surface and body re ection must be simulated to
achieve the correct appearanemmogeneoumsulators such as crystals, glass and pure water, transmit
light in directions that do not deviate much fradmell's lawand are considered transparent materials.
Heterogeneoussulators such as skin, snow and plastic cause light to scatter and change orientation
multiple times inside their substance before exiting and are considered translucent materials.

2.2.3.1 Modeling of Surface Re ectance

During rendering, a proper representation of the material properties is required to accurately model
and visualize each different object in the virtual environment. In radiometry, this is accomplished by
scattering functions. These are mathematical models that are either represented analytically (mostly
through statistical distributions) or by using actual measured data.

The most common scattering function used in rendering applications ligdinectional re ectance
distribution functionor BRDF [Nic+77]. The BRDFf for a particular poink depends on the incident and
exitant light directions and is de ned as the ratio of the differential outgoing radiance to the differential
irradiance: dL(x:1 o)
o) = X5 o).

f(xitoli)= m,
where! 4 is the exitant direction under consideration ands the light's incoming direction. Intuitively,
the BRDF describes the amount of radiant power that exits the surface at a ditegctiarthe same side
of the surface interface as the direction of incidence, given the contribution of radiant powfoto
light arriving at the surface from a directidn.

The scattering function describing the interaction of light with both sides of the surface interface,
is thebidirectional scattering distribution functioor BSDF. BSDF is de ned over the entire sphere of
directions. For practical reasons, BSDF is typically splitinto a BRDF term de ned over the hemisphere of
incident directiongbovethe surface (i.e., on the same side as the direction of incidence) and a function of
scattering from the interior of the surface, thdirectional transmittance distribution functiasr BTDF.

(2.32)
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However, when the scale of observation is such that the entry point can be considered equal to the exit
point and the material represented is assumed to have uniform boundary properties, certain subsurface
scattering phenomena are commonly modeled as re ective properties (body re ectidimed and
represented via the BRDF. The BRDF has some interesting properties:

« Symmetry For isotropic materials, where re ectance has the same value for a xed azimuthal
difference between incoming and outgoing directions, the dependence on absolute longitude angle
can be dropped from the equation. For anisotropic materials, such as brushed metal the above
assumption does not hold and the anisotropic BRDF is a 4D function of incident and outgoing
longitude and latitude.

» Reciprocity For the majority of materials, the BRDF followtelmholtz reciprocity This means
that the directions can be interchanged and the value will remain the same:
FOGEorti) = £0x i3 o) (2.33)
This property is important in some illumination algorithms, since it allows tracing paths either in
the direction of light propagation or backwards, without affecting the contribution of the material to
the light's surface interaction.

» Energy conservatiarPhysically correct BRDF models obey the law of energy conservation. This
means that the total exitant power from the surface is less than or equal to the total incoming ux,
unless the surface is also an emitter. A non energy-conserving model does not produce correct
results. For example, rough surfaces might exhibit loss of energy, i.e., they appear darker, at
glancing angles due to the absence of multiple scattering evéats1q. In general, enforcing
both reciprocity and energy conservation is a dif cult tagkljv+04.

Common BRDF models

In general, BRDFs and re ectance models are based either on empirical observations or on simpli cations
of physical laws. BRDF models that focus on modeling the body re ectance are referredittuas
BRDFs. The simplest body re ectance BRDF and the one that is still widely used in interactive applications
is theideal diffuse pure diffuse or LambertianBRDF [Lam6Q, which states that a lit surface is viewed
equally bright from all directions. In this case, the BRDF is constant, equdkip= . The value (x), is
thealbedoof the surface at, i.e., the amount of energy being re ected instead of absorbed.

The simplest surface re ectance BRDF is ikdeal speculaBRDF where the incoming energy is
totally re ected in the ideal re ection direction, similar to a perfect mirror re ection. However, the
behavior of a more realistic BRDF is characterized by a re ectance lobe in which the scattering of light

Lambert Blinn-Phong Cook-Torrance
incoming outgoing | incoming outgoing | incoming outgoing
]JE Y}v 1E YIME VY}v BRDE 1E YIME VY}v BRDE 1€
N\
BRDF
/

Figure 2.8: Examples of different BRDF models. Left: Lambertian (ideal diffuse). Note that there is no
directional dependence. Center: Blinn-Phong BRDF. The directionality and the size of the lobe signi es
the direction and width of the specular highlight. The lobe is strongest in the ideal re ection direction.
Right: The microfacet-based Cook-Torrance BRDF. The highlight direction is towards more grazing
angles compared to Blinn-Phong since it is based on Fresnel re ectance&; 5&4.[ BRDF models

rendered using Disney's BRDF Exploratal].
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Figure 2.9: BRDF modeling allows for ef cient visualization of different types of materials. In this
example, different types of materials are illustrated by applying different parameters using the Cook-
Torrance modelCT82.

covers a range of directions, instead of a single one. Surface re ectance BRDF models are known as
glossyBRDFs, with the most historically popular being the Blinn-Phong BRBI[7]. Other models
are based on microfacet theoy§67 CT82 Wal+07], which models the surface as a number of tiny
mirror-like or ideal specular planar re ectors. Historically, the most widely used isotropic re ectance
model has been the Cook-Torrance mod&l' 87, in which the micro-facet distribution is taken into
account (surface roughness), as well as the Fresnel re ection and transmission coef cients of the material
for the particular direction of incidence, along with light masking and shadowing side effects of the
micro-facet geometry.

Re ectance lobes for several well-known BRDFs are shown in Fi@ue This is a vast area of
research and numerous models have been prop&sed$H PFIQ Stro9Q He+91, War92 ON94; Laf+97,
ASO0Q, Don+09h MLHO02]. We omit any additional details of this area and we refer readers to three
comprehensive surveyS¢h94 Shi+97 KEQ9]. Figure2.9illustrates the appearance of surfaces using
the Cook-Torrance model.

Measuring real surfaces with the use of goniore ectometers and image-based methods is an alternative
way to acquire BRDFsJan+99 Len04 Mat+03 HLZ10; Hul+10, Don+1Q AWL13]. A subset of them
is available for download in online databasktHR; Cor].

Generalizing the BRDF

The BRDF makes several assumptions regarding the behavior of light, such as the scale of observation
and material uniformity. As long as these are respected, a reciprocal and energy preserving BRDF can
accurately represent the interaction of light with matter. By lifting these simpli cations, more complex
surfaces can be accounted favdy+08. However, most of these representations are quite complex and

are not very that common in computer graphics. In the most general case (ignoring interference and
light polarization) these functions need to describe the behavior of light in multiple domains: spatial,
directional, spectral and temporalHi74], as given by the 7D plenoptic functiodB91]. The most

general scattering functiof§, is a 14D function which describes the interaction of light with a medium

by using two plenoptics, describing light arriving and exiting at an arbitrary position in space. Ignoring
phosphorescence and uorescence phenomena and assuming radiance is constant along rays (i.e., no
volumetric scattering), thus omitting temporal and spectral dependencies as well as two spatial dimensions,
the bidirectional surface scattering and re ectance distribution funcfion BSSRDF Nic+77], can

be used. This 8D function captures subsurface scattering phenomena, such as light entering at one
location and exiting at another, regardless of the scale of observation and can be used to represent the
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appearance of surfaces such as skin, wax, etc. Ignoring subsurface scattering, therefore dropping two
more dimensions (of position), the @&patially-varying Bidirectional Surface Re ectance Distribution
Function or SVBRDF, can be employed to simulate materials that do not depend highly on subsurface
scattering, but do not have uniform properties on their surface. Going further and assuming uniformity
over the surface which, strictly speaking, is only valid if the object is viewed from a certain distance, the
spatial dependence is dropped and the 4D anisotropic BRDF is used.

2.2.4 Formulations of Light Transport

The goal of global illumination algorithms is to estimate as accurately as possible the photon propagation
in an environment. Light is emitted from the light sources, bounces around the scene and interacts
with different media such as surfaces and air, undergoes scattering and absorption, under a local energy-
preserving equilibrium state. Several formulations have appeared over the years and all algorithms can
be expressed through one or several of these. The most fundamental mathematical model in computer
graphics was presented by Kajiyedj86], who formulated light transport in computer graphics in the

form of an integral equation, callébe rendering equatian

L(X;1o)= Le(X;! o)+ Li(X;!0); (2.34)

which states that the radiance leaving a surface pointdirection! , is equal to the sum of the emitted
radiancel ¢ from that point in thel , direction and the radiande, leaving the surface in the same
direction due to light scattering eventsxat

2.2.4.1 Hemispherical Formulation

L, can be derived by differentiating Equati@i30ato relate irradiance with incident radiance and
integrating the BRDF (Equatio?.32 with respect to solid angle:

dL(x;! o)

mzf(x;!o;!i))

dL(x;!o)  _ O
dL(x;!i)cos ; FOGtoti))

dL(x;! o) = f(X;! 0! i)dL(x;!i)cos )

Z
Li(x;'o)=  f(X;!o!i)L(X;!i)cos jd!: (2.35)

This is called thee ectance equatiorand is de ned over the hemisphere of re ected/incident directions

. The corresponding equation for the BSDF is de ned over the entire sphere of directions and is called
thescattering equation

If participating media are ignored, then the incoming radiance depends only on the outgoing radiance

of other surface locations. However, this is a recursive problem. To compute the illumination at a speci ¢
surface location, the incoming radiance at pairitom a given direction must be found. This incoming
radiance equals the outgoing radiance of another poititereforel (y; !i) must be also found and
so on. The unknown guantity, radiance, is also shown inside the integral. Mathematically, the rendering
equation is known as a Fredholm integral equation of the second kind and is hard be to solved analytically.

2.2.4.2 Area Formulation

The hemispherical formulation considers radiance quantities with two different roles (outgoing / incident)
de ned locally at pointx, although the incident radiance depends on the contribution of other locations
on scene geometry. An alternative form of the rendering equation removes the incident radiance at
and replaces it with the corresponding outgoing radiance of the contributingypoiBtarting from
the hemispherical formulation of the rendering equation (Equé&idBg), after replacingl! with the
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corresponding contributing area of geometdy aty, the integration domain is transformed from the
hemisphere above of all incident directions to the set of all visible poimts subtended by the hemisphere.
Using the de nition of a solid angle, in this change of variable, EquaZidbbecomes:
z
Le(x;to) = F(X o biL(y; !'i)G(X;y)dA;

Av (2.36)
COS { COS j

iix yiiz’
where ; is the angle between the normal vectoyaind the normalized direction vector ;. This
formulation of the rendering equation involves the determination of the visible sugcem x for all
sampled points in the scene. A more practical version, which is commonly used in many algorithms is
derived if we introduce a binanisibility termV (x;y), which is1if the two points are mutually visible,
or 0, when the line of sight between them is interrupted by other geometry. Now, Eg@adi@can be
expanded to the entire domanof all surfaces in the scene, since their contribution to the receiving point
X can be controlled by (x;y):

G(x;y) =

Z
Le(x;to) = f(X ot i)L(ys ')V(Xy)G(x y)dA: (2.37)
A

Using the rendering equation, global illumination algorithms solve the light transport problem recur-
sively by tracing photons emitted from the light sources, tracing random paths from the sensor, or by a
combination of both strategies.

Let us now for the sake of simplicity de ne an operatat (L (y); A) corresponding to the integral
of Equation2.37. We can do the same for the hemispherical rendering equation as well. Then, the total
outgoing radiance from a poirtis:

L(X;!'0) =Le(X;! o)+ Lr(X;!0) =
Le(X;! o)+ Int(L(y);A) =
Le(X;! o)+ Int(Le(y) + Li(y);A) = (2.38)
Le(X;! o)+ Int (Le(y);AL) + Int(Li(y);A)) =

Lemitted * Ladirect * Lindirect ;

whereA|_ A represents the union of all light-emitting surfaces in the scene (the luminaries). The
above formulation splits the energy contribution of the light incident to a pointdiceat component, i.e.,

light coming directly from the light sources, andiadirect one that includes all light bounces upxo
Breaking the integral equation into these components is a common approach in illumination algorithms,
where each part is solved separately.

2.2.4.3 Participating Media

Light transport as described by the rendering equation assumes that light interacts either with surfaces, or
travels in vacuum. While that may be a reasonable approximation, effects such as fog, the blue color of
the sky, re and smoke cannot be approximated. If the medium between two surfaces participates in the
lighting calculations then photons can also be absorbed, emitted and scattered. Scattering occurs when a
photon interacts with particles in the participating medium causing it to change direQtipscattering

refers to the case where photons are being scattered in other directioinssaadteringrefers to the case

where scattered photons arrive from other directions towards the direction of observation. Absorption and
out-scattering cause a decrease in eld radiance while emission and in-scattering cause an increase in
eld radiance.
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Figure 2.10: Left: Scene lit with direct illuminaFigure 2.11: A typical outdoor scene rendered
tion only. Areas where light is not present appeaith ambient occlusion only. Note the resem-
dark. Right: Direct and one bounce of indiretlance to shading from an overcast sky. (Image
illumination. (Image sourceT[L04]) source: §ol))

Extinction

Extinction is the combined effect of absorption and out-scattering. As light travels along a ray through a
participating medium, the probability that photons will either be absorbed or de ected outside the path of
the ray, causing a decrease in eld radiance, is described bgxtivection coef cient :

t= at s (2.39)

where , is theabsorption coef cienfand s is thescattering coef cient The fraction of photons that are
not scattered or absorbed travelling from a paind a pointx%in direction! is given by theransmittance

functionT,: R
T, (x;x%= e ottt )dt, (2.40)

whered is the distance between the two points. The negative exponent is calleptiba& depthof the
medium. For a homogeneous medium, the scattering coef cient does not vary along the path and the

transmittance function becomes:
T, (x;x%=e (2.41)

which is also known aBeer's law Given the transmittance function, the total radiance arriving at p«9int
is:
L(x%1) = T, xOL(x;!): (2.42)

Emission and In-scattering

The phenomena of emission and in-scattering relate to the increase of radiance along the path of the ray.
Emission increases radiant energy due to physical processes converting other forms of energy to visible
light, while in-scattering increases radiant energy due to photons being scattered from other directions.
The total radiance increase at a poirih direction! is given by the emitted radiance and the incident
radiance around that point:
z
L(x;!)= Le(x;!)+ (x;!) p(x; L1 YL(x;! 9d o (2.43)
4
whereL ¢ is the emitted radiance amds the phase function which indicates the angular distribution of
light arriving atx in direction! from the entire sphere of directions; . The simplest phase function is
the isotropic which has a constant valuegef



32 2.3 Special Cases of Light Transport

2.2.4.4 Path Notation

Global illumination algorithms are often classi ed based on the different phenomena they attempt to solve.
This taxonomy is usually based on following the trajectory of photons throughout the environment and
their interaction with different surfaces. For example, many algorithms have been developed to simulate
diffuse-only environments. Other techniques are designed for capturing caustic effects, which require the
tracing of specular paths. Some approaches start measuring the contribution of light at the camera sensor,
others trace the emitted radiance from the light sources and hybrid algorithms use a combination of both.
A distinction on the number of bounces is also common, as it imposes an increase on the rendering cost.

To characterize these different algorithms, a convenient way is to use Heckbert's ndtbta®t)[
According to this notation, photons can interact with different environment types: the camera sensor or
eye (E), the light sources (L) and different types of materials (D for diffuse and S for specular). These
interactions are frequently callexsvents A number of regular expression operators is also de ned to
describe sequences of events, as shown in TaBle

Table 2.2: Regular expression notation for photon trajectory events

Notation | Description | Example Meaning of example
? Zero or more D? Zero or more diffuse bounces
+ One or more D+ One or more diffuse bounces
? Zero or one S? Zero or one specular bounces
None One S One specular bounce
i Or DjS One diffuse or one specular bounce
0 Group (DjS)+ | One or more diffuse or specular bounces

Using this notation, the whole light transport can be described by®){dE. That is, light is emitted from
the light sources and photons can either reach the eye directly or bounce around any type of surface, any
number of times before they nally reach the eye.

2.3 Special Cases of Light Transport

Simulating all light transport effects is a challenging and time-consuming task even in current production
renderers. Therefore, the majority of algorithms have been designed with certain phenomena in mind. By
excluding certain phenomena, the rendering equation can be simpli ed signi cantly. For example, by
limiting the type of surfaces to ideally diffuse, the BRDF is set to a constant factor and moved outside the
integral. By reducing the number of bounces to a small xed number, the rendering equation is replaced
by a simple summation of nite paths. This section explains the most basic but also the common special
cases of the generic light transport equation that are used in interactive and real-time graphics algorithms.
These different phenomena include: direct illumination (Secdi@al), ambient occlusion (Sectidh3.2),
environment mapping (Sectidh3.3, caustics (Sectiof.3.4 and diffuse interre ections (Sectich3.5.

2.3.1 Direct lllumination

The simplest type of illumination is local or direct illumination. These algorithms take into account the
direct interaction of surfaces with light emanating only from light sources (luminaries), i.e, those surfaces
for whichL¢ 6 0. In this case, surfaces are illuminated only by the primary bounce of light, without
regarding the incident light from transmission on other surfaces or media (see EigQrdn terms of
notation, the simulated paths are of type [SJE. Commonly, this type of illumination is implemented
separately using local shading models, while the indirect illumination contributes additively to the result
via various other algorithms. As a result, some global illumination algorithms are speci cally designed to
compute only the indirect part of light transport.
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Figure 2.12: Ambient occlusion examples with different range parameters. Note how the images gradually
darken by increasing the sampling range. Image rendered with XEngitjeUsing the method presented
in Chapter6.

Using the operator formulation of the rendering equation described in EquaB&ndirect-only
illumination can be isolated by setting th@girect COMpoONent to zero:

L(X;!0) = Lemited +Z|-direct =

Le(X;! o)+ fOGo b i)le(y; 'V(XY)G(X;y)dA:

AL

(2.44)

The above equation includés(x;! o) at the points considered, to include light sources to the set of
visible surfaces (shaded) in the rendering process. In the early years, the missing part of indirect light was
replaced by a constant ambient term. The integral is commonly approximated by Monte Carlo integration,
using sampley chosen on the light sources. For the special cadé, opunctual (point) lights, the above
equation is further simpli ed to:

X T
L(x;!o)=  f(X;!o;! i)LjV(x;lj)M; (2.45)
i=1 ix i
|
wherel; is the position of thg-th light sourcel ; its omnidirectional radiance, andij is the normalized

direction vector fronx to ;.

2.3.2 Ambient Obscurance

Ambient obscurancfzIK98] (AO) is an empirical illumination method that tries to approximate the
amount of indirect light that reaches a point, without being blocked by the surrounding geometry of
the point and without taking into account interre ections. Hence, the incident radiance from blocked
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directions is zero. This produces darker results than a full indirect illumination simulation, but visually
convincing under the assumption that the environment is lit by distant lighting, such as an overcast sky
(see Figure.11). The ambient obscurance equation is:

z

AO(X)= = (d(x:1))(ny 1)dL: (2.46)

where is the hemisphere centered at the normal vejoof the receiving poink. (d(x;!)) isan
obscurance attenuation function of the distatipe ! ) of the closest point ta in the incident direction .
When only visibility of the distant environment is considered, the distance attenuation function is replaced
by a binary visibility termV and ambient obscurance becoraesbient occlusion:
z
1
AO(X)= — VX! )(ngy P)dh (2.47)

For ef ciency reasons, it is common to assume that the visibility/attenuation function simulates the
cancellation of light attenuation up to a certain distance, i.e., on the geometry (@ Figure2.12).

2.3.3 Environment lllumination

An ef cient way to capture the illumination objects receive from the surrounding environment is with the
use ofenvironment mapsAn environment map encodes the illumination around a single point, which
is a suf cient approximation if the environment is assumed to be in nitely far away from the objects
to be illuminated. Mathematically, the simpli cation here relates to the incoming illumination, which
depends only on direction. This technique has been used both for specular and diffuse re ections, so
the light paths that can be simulated are |SI?(DjS)E, L(DjS)? being captured and provided by the
environment map. Commonly, these maps are captured from real world conditions using a camera and
a highly re ective sphere, calledlaht probe This information is stored and indexed later, based on a
lookup direction. In their most simple form, environment maps stgfé) (note thatx is dropped here
for the lack of positional dependence). If ideally specular surfaces are considered, a single difection
suf ces for the plausible rendering of the material's appearareedgtion map3. For glossy surfaces,
however, the full irradiance integral has to be evaluated (see FgL8 Environment illumination is
expressed mathematically as:

Z

Li(x;to) = G ot i)bmap(ti)(nx 1)dly; (2.48)

wherel mqp is the environment map. It is many times convenient, for sake of computational ef ciency,

to preintegrate the incident radianteap(! i) for pure Lambertian BRDFs, and directly index the
environment map, where these values are stored with respect to a representative incident direction
An extreme but very common case arises when the environment map stores the preintegrated result for
Lambertian surfaces. Then, the BRDE)= is moved outside the integral and not stored, while the
remaining part represents the surface irradiance. Irradiance is estimated, sioa&giance environment
mapsand post-multiplied with the BRDF after indexing it with the points's normal direction:

Lr(X;!1o)= ﬂEmap(nx): (2.49)

1The acronym AQ is often used to refer to both ambient obscurance and ambient occlusion in the literature, despite the
difference in the visibility/attenuation term. While not strictly correct, we follow the same convention throughout this thesis as
the majority of ambient obscurance/occlusion methods can be trivially converted between each other.
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Figure 2.13: The effect of environment mappirigigure 2.14: Simulation of caustics cast from a
on different surfaces. The armadillo, the spherewme glass on the wooden oor. Note the circular
the center and the table are diffuse surfaces lit frdaright highlights, appearing both at the base of the
irradiance environment maps. The environmeagliss and at its shadow, due to many light paths
present in the specular highlights of the left am@ing re ected and refracted at the wine glass and
right re ective spheres is computed with re ectiomventually converging at the same location on the
mapping. (Image sourceRHO1]) wooden oor. (Image sourceTph])

2.3.4 Caustics

Caustics appear due to the concentration of multiple re ective or refractive rays onto a diffuse surface
(LS+DE). These are most frequently observed through a curved glass of a transparent liquid (see Fig-
ure2.14), on surfaces underneath shallow waters or as light is re ected on waves. Accurate simulation of
caustics at interactive times is a demanding task, since a large number of photons is concentrated only on
small areas of the environment. These algorithms usually require multiple passes. One pass is required for
tracing and storing photons as they interact with re ective and refractive surfaces until they reach a diffuse
surface. A second pass then uses the stored information from the rst pass to illuminate the appropriate
surfaces.

2.3.5 Diffuse Interre ections

A large category of algorithms have focused on simulating global illumination effects based on diffuse
surfaces. Typical physical materials exhibit a signi cant amount of body re ection (diffuse scattering),
which due to its omni-directional distribution, provides signi cant energy to nearby geometry. Therefore,
diffuse indirect lighting contributes drastically to the overall appearance of a scene (seeZidfre

The simpli ed version of the rendering equation for diffuse illumination has been extensively used,
especially in interactive applications. This is due to the fact that the ideal diffuse BRDF is constant, the
diffuse indirect lighting varies slowly across the environment (low-frequency signal) and is therefore more
ef cient to compute. In terms of light paths, diffuse global illumination is™P For diffuse surfaces

with constant BRDF, the re ectance equation becomes:

0 °

Le(x:!o) = Li(x;!i)cos ;d!;; (2.50)

where (x) is the albedo of the surface. The majority of algorithms, regardless of their ef ciency, can
model multiple bounces of indirect diffuse illumination.
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Figure 2.15: Left: Scene lit only with direct illumination. As in FigutelQ, areas where light sources

are unreachable directly, appear dark. Middle and right: Direct and one/two-bounce diffuse indirect
illumination respectively. Notice the re ected colors of the red and green walls “bleeding” on the boxes.
Image rendered with XEngin&P], using the method presented in Chapter

2.4 Common Global lllumination Algorithms

In this section, we discuss the most popular algorithms for approaching the light transport problem. These
methods attempt to either solve the rendering equation entirely, by considering all possible light paths, or
special cases of it, as discussed in the previous section. We explain the basic idea behind each of these
methods and discuss some of their related work.

Note that we do not focus on interactive methods in this section, but rather on the original approaches
that have signi cantly in uenced the eld of computer graphics, in general. As such, almost all methods
in interactive rendering are based on the approaches discussed here. Prior work in interactive and real-time
methods, which is the focus of this thesis, is provided in Chéapter

We begin our discussion in Secti@mw.1with the radiosity methods, which perform particularly well
on diffuse global illumination problems. In Secti@m.2we review the unbiased path tracing method. In
Section2.4.3we explain photon mapping, the most ef cient algorithm for the simulation of caustics. In
Section2.4.4we discuss instant radiosity, which computes global illumination using a set of virtual point
lights and, nally, in Sectior2.4.5we review point-based global illumination, a very interesting technique
which approximates the rendering equation based on point clouds.

2.4.1 Finite Elements

Finite Element methods, commonly calleliosity methods Gor+84 CG85 NN85], have been consid-
ered one of the most popular approaches to solve the light transport problem for diffuse slfa2é&s),
since their introduction to computer graphics in the 80's. Readers are referred to the wak¥l995
SP94 Dut+0q for further information. These methods are based on radiative heat trangfsg
HW91] which describes the energy exchange between surfaces when they have been thermally excited.
The main idea in radiosity algorithms is based on the observation that ideal diffuse illumination is of low
frequency and, as such, varies slowly amongst surfaces. So, the environment can be discretized into a set
of nite elements, ompatches This way, the light transport problem can be solved by exchanging energy
between them (see Figupel6).
On purely diffuse surfaces, radiosity and radiance are relat®i(as = L ;(x) andBe(x) =
L «(x). Furthermore, the self-emitted radiariceand the BRDF do not depend on incoming or outgoing
directions. Multiplying the surface integral form of the rendering equation (Equat®# for diffuse
BRDFs by of the left- and right-hand side of the above equation yieldsad@sity integral equation
x)

B(x) = Be(X)+ — K(X;y)B(y)dAy; (2.51)
A
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Figure 2.16: Radiosity approaches discretize the scene into patches and compute the indirect illumination
based on the sparse computations on these patches. In this example, the scene is discretized hierarchically
based on radiance discontinuities to provide more accurate results on shadow boundaries. (Image
source: [TG93))

in which the kerneK (x;y) = G(x;y)V(x;y). Equation2.51can be converted to a linear system of
equations (seeJut+0§ for a complete derivation):

X

B'=Bei+ i FjB (2.52)
j
whereFj; are thepatch-to-patch form factors
zZ Z
1 K (x;
Fj = — 5Y) ga, dAy: (2.53)
ai Ai A

The form factors represent the amount of energy transfer between two differential surface patahes

j based on their surface normals, per-point distance and mutual visibility (see Rigdyeand are
non-trivial four-dimensional integrals. They are only dependent on the geometry of the scene, and not
on any speci ¢ con guration of light sources in the scene. Once the form factors have been computed,
the radiosity equation can be represented as a system of linear equations. The system could be solved
numerically, using Gaussian elimination, Jacobi and Gauss-Siedel iter@ti&H or using Southwell
relaxation 5CS94. The major bottleneck is usually the accurate computation of the form-factors, the

ef cient discretization of the environment, which presents visual artifacts due to discontinuities and the
fact that the full matrix solution is computationally and memory intensive.

In the past, many improvements to the original algorithm have been proposed. These include alternative
visibility, patch subdivision and representations and caching mechanisms, such as the Hemicube form
factor representatiorCjG89, hierarchical radiosityHiSA91], discontinuity meshinglTG92] and form
factor computation via ray tracinggP89 SS9§. Also support for non-diffuse phenomena has been
proposedl[CG864 and alternative radiosity representations, such as wavelet proje@mm93.
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Figure 2.17: The form factors represent the fraction of energy leaving a differentialgpatecbwards a
differential patchdA; . The amount of energy depends on their per-point distance, surface normals and
mutual visibility, i.e., there is no energy exchange if a third patch lies between them (dashed patch).

2.4.2 Monte Carlo Methods and Path Tracing

The most popular methods for solving the rendering equation are based on Monte Carlo Integration
approachesjob94. As already discussed (see Sectibt.l), the advantages of Monte Carlo-based
algorithms are that they are general, unbiased and the number of samples does not depend on the integral
dimensionality. Practically, this means that they can support all light plafiis,j S) ? E in path notation,

and that as the number of samples increases, the estimated value converges to the correct solution.

In a typical Monte Carlo-based approach which estimates the rendering equation, the integrand is
randomly sampled by recursively emittingacing) rays from the gathering point and collecting the
radiance from the hit points or the environment. Historically, the idea of tracing rays was initially to resolve
visibility for direct illumination byray castingi.e., sending rays from the camera until an intersection with
an object was foundypp68g. Later on, Whitted YWhi80] continued the process by spawning new rays at
each intersection based on the material properties. Upon intersection, re ection, refraction and shadow
(visibility) rays were generated recursively. This is commonly referrewhgted-style ray-tracing
Cook et al. CPC84 re ned ray tracing todistributed ray tracingo account for fuzzy phenomena by
sending multiple rays amongst various domains. This way, effects such as glossy re ections, motion
blur and soft shadows were feasible. Kajiy&aa[86] introduced the rendering equation and suggested
Monte Carlo path tracing as a numerical solution to it, where samples were chosen probabilistically and
weighted according to their expected contribution. Instead of following rays in the “reverse” way the light
travels, i.e., starting at the camera and eventually hitting the light source (left part of Bi@8rdight
tracing [AC86; DLW93] methods start at the light source and follow rays until they reach the camera
sensor (middle part of Figur2.18. Path and light tracing perform better in different scenarios. In
environments that contain caustics, specular re ections and have small light sources or are indoor scenes
where the light contribution comes from small areas, light tracing is more suitable. Rendering scenes with
large area sources and strong diffuse indirect illumination presence, converges faster using path tracing.
Bidirectional path tracingw93; Vea9§ uni es both unidirectional methods in a single bidirectional
framework (right part of Figur@.18. Metropolis Light Transport (MLT)Yea9g is based on a Markov
Chain Monte Carlo method and provides fast convergence in dif cult scenes, such as environments that
are illuminated from a small set of light paths (a small hole, a slightly open door). The algorithm works
by searching for important light paths. Once such a path is found, the algorithm explores nearby paths
based on mutation strategies to nd other paths that have high contribution to the nal image.

In practice, each of the above algorithms works best under different settings. Most of the subsequent
work is either extending the aforementioned algorithiSQ1;, Bou+13 Leh+13 KD13] or is using
hybrid approaches based on Monte Carlo/Markov Chain Monte Carlo and photon mapping variants (see
Section2.4.3, such asCTEOS Lai+07g Geo+12 IJM12 HPJ13. Refer to Davidovic et al.[pav+14
and the recent SIGGRAPH courségif+13; Kri+14] for additional information.
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Path tracing Light tracing Bidirectional
path tracing

/

Figure 2.18: Simpli ed illustration of path tracing variants. Left: Unidirectional path tracing starts at the
camera, eventually hitting the light source. Center: Unidirectional light tracing starts at the light source,
eventually hitting the camera. Right: Bidirectional path tracing starts both at the camera and the light
source and creates sub-paths for faster convergence.

2.4.3 Photon Mapping

Jensen et alJen96 Jen0] introduced the very popular techniquegpfoton mappingThis algorithm
can simulate all global illumination phenomena, Lj &? E in path notation, but is particularly good for
handling specular effects, such as caustics and specular-diffuse-specular (SDS) paths.

The original technique operates in two steps. In the rst step, emitted photons from the light sources
are traced throughout the scene and stored in two photon maps represented by balanced kd-trees. The
caustics photon magtores photons, which, after a specular event, have participated in a diffuse event (see
Section2.3.4). Theglobal photon maptores photons that are bounced throughout the scene via all other
combinations of events. In the second step, the scene is rendered using either accurately, through standard
Monte Carlo ray tracing or approximately, by usingadiance estimatewhich is simply the gathered
radiance fronk nearest photons in a given radius (see Figui€). More precisely, the rendering equation
integral is split into four integrals (direct illumination, specular re ection or transmission, caustics and
diffuse indirect illumination), where each one is computed differently for convergence as well as for
ef ciency reasons. Direct illumination is estimated using light source sampling (see Eq@atidn
Specular re ection or refraction is computed separately by path tracing using BRDF importance sampling.
Caustics are estimated using the radiance density estimate on the caustics map and nally, diffuse indirect
illumination is computed by a gathering step in which rays are traced and the radiance density estimate
at the hit points is integrated. The last step can be optimized for Lambertian surfacesrasitagce
cachinglWRC88 WH92].

Photon mapping is biased but consistemiethod due to the density estimation step since the radiance

Figure 2.19: Photon mapping steps. In the rst step, photons are traced and stored in a caustics map (left),
which stores LS+D photons, and a global map (middle), which is used for indirect illumination. In the
second step (right), surfaces are illuminated using radiance density estimation, either directly (caustics) or
after a gathering step (other Gl). (Image adapted frarhef-08)
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Figure 2.20: Left: Instant radiosity approaches work in two steps: Photons are traced and VPLs are stored
at hit locations (yellow points). Then, surfaces (blue point here) are illuminated from visible VPLs. Right:
A scene rendered with instant radiosity. (Image sourRé:P8])

density estimator uses ux samples in a wide area around the sampled loxatistead of the point

itself. An immediate side effect of this is that sharp illumination transitions are blurred, depending on the
radius of the disk within which the k-nearest samples are found. Given an in nite number of photons,
however, the algorithm converges to the correct solution. Therefore, the quality of photon mapping is
limited by the number of photons that can be stored in the photon map. Since this section covers the main
photon mapping approaches, the readers are referred to the recent SIGGRAPH course by Hachisuka et
al. [Hac+13 for more information.

2.4.4 Instant Radiosity

Instant radiosityby Keller [Kel97] introduced a whole family of algorithms that attempt to approximate
the indirect illumination in an environment by replacing light bounces with direct illumination from a set
of Virtual Point Lights (VPLs - see Figur2.20.

The original CPU-based algorithm operated in two steps. In the rst step, paths based on random
walks are constructed from the light sources and photons are emitted and traced in the environment. At
each intersection with the geometry, a VPL is positioned representing the outgoing ux at that point. In
the second step, the scene is lit from the VPLs using standard forward visibility determination techniques
(see shadow maps in Secti@r6.l). Each shaded point is checked against each VPL as if that VPL is
an actual light source. As a result, the irradiance integral operation is replaced by direct lighting from
these VPLs. The disadvantage of instant radiosity methods is the large number of VPLs required to
converge to a correct solution and the introduction of bias in the energy exchange calculations. In the rst
case, the large number of VPLs also increase the number of shadow queries required for the illumination
calculations and in the second case, the energy exchange between VPLs or between VPLs and points
of interest require division by their squared distance, which for near points can produce singularities
manifested as over-bright spots.

2.4.5 Point-based Global lllumination

Point-based global illumination is a popular technique that has been used extensively in Im production
(e.g., in Pixar's RendermanChr08 Chrl(Q, but has also attracted research interest in interactive
rendering Rit+09; Hol+11, MW11]. The original algorithm proceeds in three steps to compute one-
bounce indirect illumination. In the rst step, the direct illumination receivers are approximated as a
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Figure 2.21: Point-based global illumination techniques approximate the scene using a collection of discs
(surfels). Information relevant to illumination, such as normal, re ectance coef cients, etc. is stored for
each disk and injected in a hierarchical data structure, such as an octree. Each point is shaded based on a
micro-buffer, which contains the rasterized surfels visible to that point by traversing the octree. Left: A
scene approximated as surfels. Right: The nal result. (Image solWR@e-09))

densely populated point cloud where normal, direct illumination and radius information are stored with
each point. The terraurface elementsr surfelsis also used, since points are actually represented as disks

of radiusr [Bun03 (see Figure2.21). In the second step, the surfels are structured hierarchically into an
octree, storing the radiosity value at each surfel or cluster of surfels. Finally, coarse indirect illumination
is estimated by creating a low resolution cube raster at the receiving point, where each fragment stores
the incoming indirect illumination for each direction as seen from that receiver point. For this micro-
buffer population, the surfels are rasterized recursively based on a distance-based metric between the
receiving point and the surfels. Close surfels are looked up using ray casting, nearby surfels are rasterized
individually and surfels located farther away are approximated using their cluster representation in the
octree. The rendering equation for each point is then evaluated by convolving the BRDF with the incoming
indirect illumination, where the classical ray tracing procedure is replaced with an iteration over the
fragments in the micro-buffer. This algorithm can be also utilized to replace the expensive nal gathering
step in photon mapping based on ray tracing.

2.5 Color spaces

An important part of our work in Chaptérinvolves the exploitation of a subsampling scheme for the
compression of functions in the spherical domain, borrowing ideas from the image compression eld. In
this section, we provide a basic overview on color spaces and the concept of chroma subsampling, as they
are related to this thesis.

As already mentioned in our introduction to radiometry (see Se&idrd), only a tiny portion of
the electromagnetic spectrum comprises what is perceived as light, which is roughly the range of 380 to
750 nanometers (see Figute2). Each visible wave of light is typically represented aspactral power
distributionfunction (SPD). The SPD associates the various frequencies (or wavelength) contained within
each light wave with respect to any radiometric or photometric quantity. The SPDs of light waves existing
in nature are usually continuous, containing a large variation of different frequencies. The human visual
system, however, interprets light as color based on the response curves of only three distinct photoreceptors,
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Figure 2.22: The visible light encompasses only a small part of the electromagnetic spectrum. (Image
adapted from: Hil+15])

essentially mapping the in nite-dimensional SPD to a three-dimensionallgitels]. As such, the

visible color spectrum can be represented as a combination of only three numerical 8ah@&s [The

various ways light is perceived by the human brain, both perceptually as well as physically, are investigated
by the eld of color science, ocolorimetry. Mathematically, colors can be represented in termsafiar

model This is commonly associated withcalor spacei.e., the set of colors a model can reproduce.

The CIE XYZ, XYy and CIELAB color spaces are the most widely adopted systems used in order to
simulate human vision. In these spaces, each color is essentially represented by a triplet of values. These
generic spaces cannot be wholly reproduced by physical devices, and are considered more as mathematical
constructions upon which other, more practical models, are de ned. They are also used as a conversion
intermediate between other color spaces.

Display devices are typically based on the RGB color model. This is an additive model, de ned by a
triplet of red, green and blue values, called primaries (see top row in Fig&8e These components are
additively combined to create a large range of colors, according to the color space they are associated with,
and the gamuit, i.e., the range of colors, each device can represent. This model is considered additive since
setting the components of these primaries to zero forms the color black, while setting the components to
their maximum values forms the color white.

The CMYK color model is a four-tuple model, commonly employed by printing devices. This is a
subtractive model; a combination of cyan, yellow and magenta are added on a white surface (such as
paper), essentially masking out the re ected color. The choice of colors is, of course, not random. Adding
cyan, yellow and magenta on a white surface absorbs the red, blue and green colors, respectively. The
fourth component in the CMYK model refers to the color black. Even though black can be represented as
a linear combination of the other three colors, for practical reasons, it is applied separately.

Several color models are based on hue/saturation components, such as the HSV (hue, saturation,
value) and HSL (hue, saturation, lightness). Hue is associatedowigicolors; different hues are lights at
different wavelengths. Saturation represents how “clear” a color is, or how much its curve is spread out.
The higher the saturation is the more pure the color appears. Finally, the last component is a representation
of brightness. Since a color can be directly selected with respect to its hue, instead of a combination of
three different colors, these models are considered more intuitive for artistic applications.

Finally, a family of color spaces is based on the decomposition of a signal iniimance(Y) and
two chrominancecomponents, representing brightness and color information, respectively. Note that
the termduma (Y') and chromaare also used in the literature, sometimes erroneously, which are the
non-linear (gamma-compressed) representations of luminance and chrominance. Historically, the YUV
color space has been employed during analog television broadcasting in order to transmit both achromatic
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Figure 2.23: Expressing a signal in a luminance/chrominance based representation instead of RGB, allows
for ef cient compressions methods, expressing the chrominance channels in lower detail as the eye is
more sensitive to spatial frequencies in intensity than in color. (Image adapted Ykoki])

and color images in black-and-white and color televisions simultaneously. In digital video and imaging,
the YCbCr color spaces have been widely used in various compression algorithms, such as JPEG and
MPEG. There, the observation that the human visual system's spatial sensitivity in luminance is higher
than in color, has been exploited by encoding the chrominance components at a lower frequency compared
to luminance, a technique calleiroma subsamplingrhis is a much more ef cient encoding scheme
compared to an RGB representation, as the spatial details are preserved (se8.Ejukdore recently,

the better decorrelation properties of the YCoCg transfot8(Q3 compared to YCbCr have resulted

in its adoption it in the H.264 standard for video compression, as well as in its integration in texture
compression techniques for real-time rendering syst&@oy; MP12].

2.6 The Rasterization Pipeline

As already discussed brie y in the introductory chapter, the goal of any rendering algorithm is to generate
synthetic images, accomplished through rendering pipelines. In this section, we focus on the rasterization
pipeline, which is heavily used in real-time rendering and forms the basis of all the methods introduced in
this thesis.

In general, the rasterization process receives as input a mathematical description of geometric shapes
and converts it to a colored set of two-dimensional pixels, forming an image. On a conceptual level, this
process can be easily pipelined into four basic steps. First, each geometric shape is decomposed into a set
of basic primitives. Then, each object undergoes a series of transformations, eventually projected onto an
image plane according to sensor speci cation, which can be viewed as placing a virtual camera (given
a speci ¢ location and viewing direction) in the environment. Third, the projected objects are sampled,
usually at a xed spatial rate, to form tokens of geometric attributes céiggpnents positioned at pixel
locations within the image. Finally, each pixel is colored based on the sampled information.

Note that the term rasterization effectively describes only the conversion procedure (third step) of
the aforementioned pipeline. Throughout the years, however, the rasterization process has resulted in
expressing the entire pipeline, rather than an explicit part of it. So, these terms are used interchangeably
in the literature to denote the complete rasterization pipeline instead of just the sampling process.
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Modern Graphics Pipelines

Traditionally, the rasterization pipeline was implemented in a graphics processing unit (GPU) and all
stages werexed, i.e., they could only be programmed by modifying states in the underlying API. In its
simplest form, it could ef ciently compute direct illumination paths by operating in conjunction with the
Z-buffer algorithm for visible surface determination.

Since then, however, GPUs have evolved to general purpose streaming processors, able to perform
both the traditional graphics operations as well as to accelerate various other types of parallelizable com-
putational problems. Consequently, the rasterization pipeline has also evolved from a strictly con gurable
to a partially programmable one.

Each programmable stage is executed throslggderprograms. Each shader is written in some
high-level language, such as GLSL or HLSL, and can execute an arbitrary set of operations regardless of
the stage involved. However, since programmable stages are executed in certain parts of the pipeline, each
shader is also expected to conform with a particular set of input and output operations, associated with the
stage it operates. For example, a vertex shader reads a vertex stream and writes the new vertex positions,
usually after modifying them according to a linear and/or projective transformation. The geometry shader
accepts as input an entire primitive, consisting of a set of vertices that de ne it, and can output zero
or more new primitives. The fragment shader receives a generated fragment and can (optionally) write
information to an arbitrary buffer. Shading operations are usually executed via the fragment shader and
result in (at least) one color value being written to an image (frame) buffer.

While each shader stage has a speci ¢ set of required inputs and outputs, it can also perform random
read/write memory access operations to arbitrary memory locations, accomplished via atomic operations.
For example, a fragment shader can read/write to arbitrary pixel locations instead of only the one that a
particular fragment invocation is associated with. In these cases, care must be taken to ensure that memory
accesses are consistent; the program remains deterministic. This is often accomplished through manual
synchronization procedures, such as setting memory barriers after atomic operations or shader stages. The
exact behavior of these functions however, are implementation-dependent.

An example of the stages comprising a modern pipeline is shown in FiyRdeWe now provide
a more detailed discussion on the underlying stages, where we follow a naming convention similar to
the OpenGL pipeline. However, the described process is rather generic and thus, applicable to other
rasterization pipelines as well. For example, Direct3D follows a very similar appr&est0g. For a
more thorough analysis of real-time graphics pipelines, the interested reader is refeAbtH@d].

Vertex Speci cation

Initially, a scene is decomposed to a set of tiny elements, cpiiedtives In a modern pipeline, these
primitives are simple geometric shapes, such as points, lines and triangles. Each primitive is represented
as an ordered sequencevefrtices where each vertex can be associated with an arbitrarily large set of
vertex attributesUsually, each attribute is de ned uniquely per vertex. The minimum set of attributes
includes the position vector of each particular vertex. In typical applications, the purpose of each attribute
is to describe either a physical property (at a surface location) of each vertex, such as its position in some
coordinate system, its normal vector and scattering coef cients, or any other arbitrary value that might be
needed throughout the programmable stages of the pipeline.

The vertex speci cation is not a stage executed within the GPU. It can be thought of as a preparation
stage, which submits a vertex data stream to the rst stage of the pipeline.

Vertex Stage

This is the rst crucial stage of the pipeline. This is a non-optional programmable stage and is executed
through avertex shaderThe primary purpose of the vertex shader is to output a vertex position. In absence

of any subsequent optional stages, such as the geometry or tessellation shaders, the expected behavior
is to project the incoming three-dimensional coordinates of the vertex position to the corresponding
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Figure 2.24: Simpli ed illustration of the OpenGL rasterization pipeline. Yellow and blue rectangles
denote xed and programmable stages respectively, while dotted rectangles represent optional stages of
the pipeline. (Image adapted fronting])

two-dimensional ones in the image plane. This is accomplished by a simple vector-matrix multiplication
operation as the positions are usually de ned in a different coordinate system, such as in object or world
space.

Optionally, any other basic vertex operations can be performed at this stage depending on the
application, such as transformations of other attributes to different coordinate spaces, displacement of
vertex positions, etc. The output of these operations can be transferred to later stages of the pipeline.

An interesting observation regarding operations between different vertices is that they are independent
of each other. The state of one vertex does not in uence another. As such, the vertex stage can be highly
parallelized by GPU hardware.

Tessellation Stage

In graphics, the primitives submitted for rendering can frequently represent curves or smooth surfaces
via a piecewise linear approximation. The smaller (and denser) the primitives are, the ner the detail
and quality of the shape is. However, a large number of primitives can impose both a vertex preparation
and processing overhead as well as a bandwidth congestion between the host system and the GPU. To
solve these issues, modern GPUs implement a programmable pritegsalatiorstage that performs

this “dicing” on the GPU device side. This means that coarse geometry is transmitted for rendering and
storage in the GPU and tessellated on-the- y (potentially in an adaptive manner) to better approximate the
intended shape.

Currently, the tessellation process is divided onto three stages. In the rst stage, a programmable
shader is invoked to identify the degree of tessellation to be performed on each patch. Then, a xed-
function operation performs the actual subdivision, while the last stage, which is also programmable,
computes the attribute interpolation data for the newly generated primitives.

A common example of applications involving tessellation shaders is the rendering of large terrains,
which usually involves recursive surface subdivision in conjunction with displacement magung4
to generate more complex environments. Other examples include hair rendéritg And+16§ and
scene representations based on point clodiRJ14.

Geometry Stage

As the optional tessellation stage is responsible for recursively subdividing a large number of patches, an
optional geometry stage can be also employed to generate new primitives. This stage is also programmable
via ageometry shaderOf course, low-quality subdivision can be also performed here. However, the
intention of the geometry shader is to perform a different type of operations such as: (i) per-primitive
calculations (such as the computation of per-triangle normals), and (ii) layered rendering. The latter is
employed to perform multiple fragment shader invocations to write in a single rendering pass into more
than one buffer locations, each one capturing information based on different camera con gurations.
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In this thesis, for example, the geometry stage is crucial for various parts of our algorithms: in
Section5.5a geometry shader is invoked for the generation of a binary volume with increased sampling
accuracy. In Chapted, we exploit layered rendering to render in multiple views in a single pass and in
Chapter7, we invoke a geometry shader both for multiview rendering as well as for the generation of an
optional vertex buffer for ray tracing purposes.

Post-processing

This xed stage denotes the end of any per-vertex operations. At this point, a clipping operation is
performed in order to prepare primitives for the scan conversion process. Clipping is performed for
optimization purposes as the subsequent stages can be computationally intensive. It ensures that primitives
that lie entirely outside the viewing frustum are completely discarded, while primitives that are partially
inside are clipped against the viewing frustum into new ones; omitting the outside part. This operation
ensures that scan conversion will be performed on primitives that lie entirely within the view volume.

Alternatively, the subsequent stages can be discarded entirely. In that case, prior operations can be
streamed on an output buffer, essentially exploiting the GPU as a general-purpose processor. For example,
this is often exploited for the simulation of particle systems, such as fog, smoke and re.

Primitive Assembly

This xed stage serves as a preparation step for the subsequent scan-conversion operations. The functions
of the Primitive Assembly stage are two. First, the incoming vertex stream is converted into a ordered
sequence of basic, convex primitives. This primitive information is used, for example, to interpolate
per-vertex attributes for each generated fragment.

Second, a primitive-based optimization calfade culling is performed. This technique switches off
the rasterization of primitives that have a particular facing direction with respect to the viewer. A common
application of face culling is associated with the rendering of closed, opaque surfaces, such as spheres,
where primitives belonging at the back of the sphere can be safely discarded.

Note that this procedure is not always executed as a whole at this stage at this part of the pipeline.
Its primary function is to convert vertices into a stream of primitives. Therefore, the rst sub-stage can
occur before invoking the geometry or tessellation shaders, if any of these optional per-primitive stages
are enabled.

Scan Conversion

This is the most important stage of the rasterization pipeline. Here, each (clipped) primitive, represented
up to this point as a xed sequence of vertices, is converted to a seris@étepoint samples, or
fragmentson the image plane. Each generated fragment is associated with a particular pixel on the screen
and contains the interpolated attributes of the primitive at its image-space pixel location.

In general, the conversion process generates a fragment only if a primitive overlaps a pixel according to
a certain set of rules. These depend on the primitive type and are implementation-dependent. For example,
during triangle rasterization, a fragment is generated only if a pixel location lies inside the projected
triangle on the image plane. This can be easily determined by comparing each pixel position against three
edge functions de ning the boundaries of the triandgt@Bg. Usually, this sampling position is located
at thecenterof the pixel. Hence, each primitive is represented by one fragment per pixel.

The scan conversion is a discretization procedure. As such, it is a source of serious aliasing artifacts
in the graphics pipeline. We discuss these in more detail in Se2t®a

Fragment Stage

The last programmable stage in the pipeline is executed freganent shaderThere, each rasterized
primitive, now represented as an arbitrarily large set of fragments, is forwarded into the fragment stage,
along with its associated data and interpolated vertex attributes. As the previous programmable stages, the
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fragment stage is also executed in parallel. The most common operation of the fragment shader is to write
depth and color values into one or more output locations. For example, per-pixel lighting computations
are performed here. In case a fragment shader is associated only with a depth-buffer, a depth value is
written implicitly. In this case, the fragment shader is empty and thus, this stage is considered optional.

Merging

The output of the fragment shader is not directly written to the output buffers. This is decided by a set of
per-pixel operations in the nal stage of the pipeline, the merging stage.

For exampledepth testaire employed for visible surface determination. There, the incoming fragment
values are written in the output locations only if the stored depth value is larger (farther with respect to the
camera) than the incoming one. Some other examples of per-pixel operations irsthrds!: testswhere
fragments can be discarded based on bitwise operagoissor testswhere fragments are written only in
a particular rectangular area of the screen, l@ledding where the color values in the image buffer(s) is
determined based on a precon gured linear function instead of a simple replace operation.

Note that under certain conditions, some of the aforementioned operations can be performed prior to
the fragment processing stage, thus saving computations.

2.6.1 Common Applications

As already brie y discussed, the rasterization pipeline is particularly ef cient on resolving primary
visibility and, consequently, computing direct illumination paths. We now review the most popular
rendering techniques, as they are implemented within the rasterization pipeline.

Primary visibility determination

The Z-buffer algorithm Cat74 forms the basis of the majority of technigues in the rasterization pipeline,
and works as follows: Initially, an image buffer is created to hold the closest depth values with respect to
the viewer, called thdepth buffer This is usually associated with one or memor buffers The set of
these image structures form tirame buffer The depth buffer contains values in the raf@el], where0
andl indicate that a particular point is located on the near and far clipping planes respectively. At rst,
the depth buffer is initialized with ones, i.e., everything is located on the far plane. Each fragment, during
the fragment stage, outputs one depth value and zero or more color values, to be eventually written on the
frame buffer. At the merging stage, the depth value of each fragment undergoes a depth-testing operation
against the currently stored depth value in the frame buffer at each pixel. If the depth of the incoming
fragment is smaller than the stored one, this indicates that the fragment is closer to the viewer than the
currently stored one, and its values replace the ones present in the frame buffer. Otherwise, the fragment
is farther than the currently stored one and the incoming values are discarded.

The important observation here, is that a depth buffer stores only the closest depth values from
a particular viewpoint. In other words, the depth buffer holds only a view-depesdegie layerof
information. This is a discretized representation of a subset of the scene's geometry that is particularly
useful for simulating various effects in real-time rendering, as it allows to calculate and maintain in the
GPU geometric information in a format (sample array) of predetermined size (and preallocated memory)
that is easy and ef cient to access from the programmable stages of the pipeline in subsequent rendering
passes. In general, the techniques which are based on such a view-based and layered representation of the
scene are said to be operatingsitreen-spageor image-space

Multi-layer visibility determination

The Z-buffer can determine the correct color of each pixel as long as the corresponding geometry consists
of opaque materials. Effects such as the rendering of transparent/translucent surfaces require either the
fragment information to arrive in sorted back-to-front order and evaluated using a blending operation, or
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Figure 2.25: Multifragment rendering using per-pixel linked-lists. The address of the starting (head) node
of each per-pixel list (red rectangles) is stored in the Head buffer, while the list connectivity and data
information for all captured fragments is stored in the Node buffer. For each pixel, traversal is trivially

accomplished by (i) fetching the head node and (ii) employing the next pointers stored within each node.

more complex data structures containimglti-layer or multi-fragmentinformation, which extend the
stored geometric representation to more than one layers (with respect to the camera viewpoint).

The most popular approach for multifragment rendering is based on the A-bD#e84. The idea is
simple: instead of storing only the closest visible fragment through the depth-buffer, a list of fragments is
generated and stored in variable-length lists. In order to properly handle transparent surfaces, a Z-sorting
operation arranges the fragment lists in a back-to-front sequence.

Nowadays, the same methodology is followed for order-independent transparency, by taking advantage
of the capability of modern graphics hardware to perform atomic operations. In the rasterization pipeline,
the most common algorithm is based on per-pixel linked-liggf-1J. The idea is similar: during a
rasterization pass, a linked-list is generated concurrently for each pixel. Since fragments are emitted
(generated) in undetermined order, however, a sorting step is further employed to rearrange the fragments
based on their depth, by modifying the link pointer contained within each node. The entire structure
is maintained in two buffers: aodebuffer storing the node connectivity and data information of all
lists, and eéheadbuffer containing an array of memory offsets of the node buffer, each pointing to the
starting node location (head node) of each per-pixel list (see FRy@&e. The algorithm operates in
three steps. Initially, both buffers are allocated and cleared to zero, representing empty space and null
pointers in the node and head buffer, respectively. This step is required as dynamic memory allocation is
not supported within the rasterization pipeline, i.e., a memory block (such as the node buffer) cannot be
reallocated within a fragment shader. In the second step, a geometry pass generates the linked-lists via
atomic operations. During the fragment shader invocation, and for each incoming fragment (new node),
the address of each new node in the node buffer is obtained by atomically incremegitigleatomic
counter An atomic exchange operation is then performed, which (i) links the pointer of the new node to
the current head pointer and, (ii) replaces the head pointer with the new node's address. This operation
effectively creates the linked-list in reverse, containing all per-pixel fragments in the form of an a unsorted
sequence. In the nal step, a Z-sorting operation is performed using a fragment shader. For each pixel, the
linked-list is fetched, stored locally and reordered using any sorting algorithm, such as insertion sort. A
further discussion on these methods is offered in SecB8adhdand3.2.2
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Direct lllumination

The computation of primary illumination paths can be trivially accomplished in the rasterization pipeline.
In its most basic form, this lighting technique is performed throfagtvard renderingwhere for each light

source the entire scene is submitted to the graphics pipeline and shaded, typically during the fragment
shader stage. Under the assumption of geometric optics that lights are additive, the contribution of each
light source is accumulated to the frame buffer using a blending operation. Forward rendering is simple
but can quickly become a computational bottleneck. A reason for this is due to depth-testing being
performed after the expensive fragment shading stage.

While various optimizations exist, a more ef cient approach is through deferring all lighting computa-
tions after primary visibility has been resolved. There, the scene is rendered once and apart from depth,
various other surface properties are stored in color buffers, such as normal vectors, material attributes,
etc. The aggregation of these attribute buffers that results from this scene rasterization pass is called
the geometry buffer, dB-buffer[ST9(. Then, and for each light source, the scene is shaded based on
the screen-space information stored in the G-buffer and the results are additively inserted to the frame
buffer, using the same blending operation as before. Another important bene t of deferred rendering is
that various post-processing effects can be performed using this single-layered screen-space information
available on the G-buffer. The main disadvantage is increased memory cost and the inability to handle
transparent surfaces. The latter requires order-dependent visibility and can be accomplished either through
a separate forward rendering pass, or by exploiting multi-fragment approaches.

Global I[llumination

Single-layer screen-space techniques can be ef ciently employed to generated various effects, even global
illumination phenomena. An ef cient way to compute shadows is based on rasterizing the scene from
the light source\Vil78]. All visible surfaces, as seen from the light's point of view, are stored in the
depth map in a separate, preceding rendering pass. Any surface parts sampled and stored in this depth
map, called theahadow maprepresent surfaces that are not in shadow. The shadow map is used during
rendering direct illumination effects in order to detect whether a visible surface sample from the camera's
point of view is lit or not. This is accomplished by transforming each point to the light's post-projective
space and testing it against the depth values stored in the shadow map.

Similarly, a G-buffer can be generated from the light source. From a global illumination perspective,
primary visibility from the light source is essentially the rst bounce of light. Therefore, a G-buffer from
the light source has resolved visibility for the rst indirect bounce, which can be exploited to perform
single-bounce indirect illuminatiorS03.

A typical multilayer extension of the G-buffer are tdeep G-buffer§Mar+14. There, instead
of storing only color information in multiple layers, a G-buffer is generated per layer, consequently
increasing the quality of the captured information. However, multifragment techniques can quickly
become prohibitive for real-time purposes, since the total number of generated fragments depends both on
the frame buffer resolution as well as the scene complexity.

More advanced techniques need global information with respect to the entire scene, regardless of the
number of captured layers. For example, re ections and ambient occlusion (see 2e8tirequire the
tracing of rays in the vicinity of a point of interest until the closest intersection is found. For real-time
purposes, these phenomena are approximated by ray marching in screen-space, i.e., iteratively moving in
object- or pixel-space increments until a ray-fragment collision is detected based on the information stored
in the G-buffer (see Sectidh2.5. In general, screen-space global illumination methods can comprise
a visually plausible approximation of the desired phenomena, as long as the needed global information
is restricted to small-range effects, as their view-dependent nature can cause visual instabilities. These
methods are discussed in Sect®hA.2 Alternatively, large-scale effects are usually accomplished by data
structures which capture the entire scene, such as regular grids. There, a high-detailed, but view-dependent
discretization (image-space), is replaced with a crude, but view-independent approximation of the scene
instead. Theseolume-basedhethods are usually combined with some form of (irradiance or radiance)
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Figure 2.26: Single-bounce global illumination rendered using a small distant area light under three
different viewpoints. Top row: A single-layer representation (left column) can provide acceptable results
as long as the viewpoint contains adequate coverage of both geometric information and direct light
energy. Middle row: In cases where the indirect light depends on energy gathered from nested layers (the
non-visible yellow and green curtains) the entire view must be considered (middle column). Bottom row:
In cases when the direct light energy is dominant outside the viewing frustum, the entire scene information
must be considered in order to properly capture the indirect light (right column). Image rendered with
XEngine [VP], using the method presented in Chager

caching, which can ef ciently compute global illumination effects, as long as the represented phenomena
are of relatively low frequency, e.qg., the scene consists of diffuse or glossy surfaces. A discussion on these
methods is offered in Sectidh2.3

2.6.2 General Discussion

Regarding rasterization, the ef cient scan conversion procedure imposes some very severe limitations in
the graphics pipeline. The process of rasterizagdipproximateshe underlying geometry; a continuous
primitive is represented by discretized samples at speci ¢ (usually regular) locations on the image plane.
This results in three main sources of spatial aliasing: (i) polygon edges as well as (ii) oblique geometry
are sparsely sampled, while (iii) geometry parallel to the view is entirely skipped. To mitigate (i) and (ii),
the number of samples can be increased through vanmlis-samplingalgorithms AMHO08]. However,
this is a sampling problem involving the reconstruction of discontinuous functions, such as polygon edges,
and according to sampling theory aliasing in these cases is inevitad@4 Mav13.

An alternative approach is conservative rasterizatith@05], which guarantees that a fragment will
always be generated as long as there exists some partial coverage between a pixel and a primitive. The
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Figure 2.27. 2-indirect volume-based global illumination, where energy exchange occurs between
representatives of the high-detailed geometry (top left). While the indirect light contribution of these
methods is adequate for real-time purposes (top middle/right), the energy contribution of small-scale
geometry cannot be properly captured (green and red rectangles in middle and bottom rows). To mitigate
this, volume-based GI methods are usually complemented with AO techniques (middle row/column).
However, the “light leaking” cannot be fully remedied. The correct solution is demonstrated in the
reference ray-traced image (middle right). For clarity purposes, only the lighting buffer is shown in the
majority of the images, i.e., stripped of any textures and albedo is 4efltbe real-time images have

been rendered with XEngin&P], using the method presented in Chagger

problems with this technique are two: (i) zero area projected primitives will not generate fragments, and
(ii) the sampling location might lie outside the primitive, causing attribute extrapolation problems, i.e.,
the fragment's attributes will be the result of interpolation with a location outside the primitive's extents.
As such, conservative rasterization is usually employed for visibility algorithms rather than illumination
problems.

A second important problem lies in the very heart of screen-space techniques. Their results are always
based on both a partial (layered) and view-restricted representation of the environment, regardless of the
quality of the operating algorithm. This, in conjunction with the sampling limitations mentioned before,
will always result in view-dependent, approximated results (see F@@@. On the other hand, by
employing a volume-based data structure, important contact details are always missed (se& Figure

It is evident that in order to improve the quality of the rasterization pipeline, we must also improve the
quality of the algorithmic input. Unfortunately, in order to produce results similar, or even identical, to
the ray tracing pipeline we would require modi cations on the construction procedure of the underlying
data structure on a very basic level. Given the constraints of real-time applications, this is not a viable
option and approximations are unavoidable. However, a major bene t in image space techniques can
result by elegantly increasing the number of layers (up to a limited extent), the generated views, or a
combination of both. On the other hand, volume-based methods can be improved by more careful and
ef cient representations. For interactive applications, however, the time constraints are more relaxed
and therefore, these kind of modi cations are more possible. An investigation on the aforementioned
problems was the main motivational factor behind our research.
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Chapter 3

Related Work

3.1 Data Structures

In this section we discuss the various data representations that can be employed as the basis for the
techniques presented in SectiBr2. Note that while this thesis focuses on data structures that are
directly related to the rasterization pipeline, which are discussed in Sextlofy we also provide

for completeness, an overview on spatial data structures commonly employed in CPU and GPGPU
architectures in Sectio®.1.2

3.1.1 Image-based Data Structures

As discussed in the previous chapter (see Sedi6rl), screen-space techniques rely on the use of
view-dependent information, where calculations are performed on a discretized subset of the geometry
(i.e., discrete samples with respect to the viewing frustum) instead of the entire scene.

In their simplest form, the data structures employed in image-based methods store only a single-layer
of depth information, with respect to a particular viewpoint. Due to their ef ciency, the most basic
algorithms on the rasterization pipeline have been based on these data structures in order to perform
primary visibility determinationCat74 and shadow mapping/il78]. Extending the Z-buffer to a G-
buffer, where color, normal and other screen-space information can be stored along with depth, has resulted
in the development of screen-space variants of various global effects, such as ambient oddicGion]],
directional occlusionRGS09 and single-bounce indirect illuminatio®F05.

Multi-layer rendering techniques extend the stored information to more than one layer, resulting in
fewer view-dependencies and higher quality renderings. However, this comes at the cost of increased
computational complexity and memory requirements. Capturing all generated fragments in a single
geometry pass is accomplished with memory unbounded algorithms, such as the A®@ai8}.[The
original method is based on variable-length lists and correct depth order is ensured by a Z-sorting operation.
Yang et al. yan+1(QJ implemented a per-pixel linked list variant of the original method in the GPU, by
exploiting the capability of graphics hardware to perform atomic operations (see Ri@®eThe initial
implementation suffered from performance issues due to thread contention caused by the shared counter
attempting to access the same location in memory from multiple threads, an issue which has been resolved
with the integration of the L2 memaory cache in later generations of GPU hardware.

Instead of a linked-list, Liu et alLju+10] proposed FreePipe, a CUDA-based implementation of the
rasterization pipeline. Their approach allowed the storage of all fragments in xed-size per-pixel arrays.
Compared to a linked-list, the need to maintain node pointers is removed, offering much higher ef ciency
in complex scenes. However, the size of each array is xed for all pixels, leading to excessive memory
requirements where large blocks of memory space are allocated and never used. A similar approach was
also implemented in the rasterization pipeli@¥d1Q.

Combining the advantages of xed-size arrays and linked-list structures, memory friendly variants
have also been proposdd4gu+12 VF12]. These methods allocate per-pixel information in continuous
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regions and without overestimating memory space. However, they require additional passes for fragment
accumulation and the generation of per-pixel memory offsets via a pre x sum operation.

A major bottleneck of GPU-variants is that order-dependent operations, such as the blending of
transparent objects, require a post-sorting step. Typically, sorting occurs in a fragment shader by rendering
a full screen quad in an additional pass. The fragment data is read from global memory, sorted locally
and written back. Sorting can be very expensive for high-depth complexity sde¢hgs$7], due to
the high latency of global memory, the low percentage of active thread utilization (occupancy) due to a
large amount of resources allocated in local memory, which also increases latency, or even the sorting
algorithm itself. Knowles et al {LZ13] proposed the grouping of pixels into powers of two based on
their complexity, in order to increase occupancy. Each group was processed and sorted separately using
precompiled shaders with different, but constant, local array sizes. KnowlesleL2ll4] combined
the previous approach with a register-based scheme, where sorting was enforced in registers rather than
local memory, for pixels of both shallow and deep complexity. The sorting algorithm could be modi ed
based on the depth complexity, as it has been shown to provide signi cant performance bEh& 12].

Vasilakis et al. YF13] exploited the bucketed depth-peeling of Liu et &iut+094 to generate multiple
per-pixel linked-lists, improving the overall performance of the post-sorting operation.

Memory-bounded algorithms also exist in the literature, keepingitlesest generated fragments
(with respect to the camera viewpoint) instead of the entire information. As such, memory over ows
and performance bottlenecks in the post-sorting operation are avoided. On the downside, they require
additional rendering passes and, typically, impose increased computational cost to ensure&-€orrect
fragment orderingDepth-peelingapproaches have been traditionally employed to resolve visibility of
transparent surfaces, operating under multiple geometry passes. Front-to-back depth Reeldqg [
captures, or “peels”, one layer per geometry pass in an iterative manner. The rst pass operates identical to
the Z-buffer, storing only directly visible surfaces. In each subsequent pass, the already stored fragments
are discarded based on the depth value of the previously computed layer and the next nearest surfaces are
stored. Depth-peeling results in a sorted sequence of fragments, eliminating the need for a post-sorting
operation. Performance, however, can degrade quickly for complex environmekisasses are required
in order to extract th&™" closest fragments. Dual depth peelif&M08b] reduces the amount of rendering
passes in half by applying front-to-back and back-to-front depth peeling simultaneously, extracting both
the nearest and furthelf' fragments in each pass. Liu et dlifi+094 concurrently perform depth-
peeling inton subintervals by exploiting depth subdivisions and multiple render targets, reducing the
total runtime of prior approaches. Single-pass depth peeling variants have also been proposed, but either
require a CUDA implementatior.[u+09b] or limit the stored information to two layers onlivfar+14.

Multiple geometry passes are computationally intensive in real-time rendering of complex virtual worlds.
Therefore, the problem of single-pass order-correct capturikgobdsest fragments in the rasterization
pipeline has received important interest from the real-time research community. These approaches are
generally based on the idea of tkduffer[Bav+07. The original method was able to properly capture
thek-nearest fragments, but required modi cations to the hardware pipeline in order to avoid read-modify-
write hazards. To this end, varioksbuffer variants have been proposed in the literature, exploiting stencil
routing operationsBM084], hardware-dependent spin-lock mechaniswis]4], or even employing both

ak- and an A-buffer for the purposes of hair renderivg£12]. We refer readers to the recent work of
Vasilakis et al. YPF19 for a more general overview ik-bufferrendering.

3.1.2 Spatial Data Structures

The research community has extensively focused on the development of ef cient spatial-based acceleration
data structures in order to improve both the construction and the traversal performance of ray tracing
algorithms. Since this is a vast eld of research, we only describe previous work relevant to this thesis,
i.e., on interactive ray tracing of dynamic environments. For more information, we refer the interested
reader to the excellent book by Cormen et @lof+09, the overview by Vinkler et al. YHB15] and,

nally, a comprehensive survey on animated scenes by Wald eiall+{09, which sketches the general
problem as well as covers the competing goals that even a present ray tracer has to face.
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Figure 3.1: lllustration of spatial data structures. Left: BVH represent regions of space containing
geometry in the form of a tree structure. Middle: Spatial subdivision structures, such as uniform grids,
partition the environment by employing regular subdivisions. Right: Perspective grids operate similar to
uniform grids but subdivide the scene based on the viewing frustum, in order to increase coherence in
primary visibility rays.

Spatial acceleration data structures provide an approximative primitive-prioritized ordering in order
to optimize ray-object intersection queries. This is accomplished by exploiting object hierarchies, such
as boundary volume representatioi$G84] (BVH) (left of Figure 3.1), spatial subdivisions, such as
kd-trees Ben75 Kap85 Zho+08 HKH11], uniform grids (middle of Figur&.1), octrees Gla84 LK10],
or a combination of bothHav0(d.

With non-interactive applications in mind, where geometric content is xed or rarely modi ed, the
choice of the acceleration data structure can be determined solely based on its traversal stage complexity
since the resource-demanding construction stage can be performed either as an of ine preprocessing
step, or infrequently. To support dynamic geometry, various re tting and updating strategies have
been proposed to accommodate new geometry into the previous frame's acceleration data structure.
However, most of them suffer from excessive deterioration and require the animation sequence to be
either restricted to coherent motion types and xed connectivity or known a pN@M07; WBSO07,

Gar09 Kop+12 BM15]. The highly complex environments employed in modern applications, however,
can pose signi cant constraints on the acceleration structures since geometry can be potentially modi ed
(tessellated or deformed) in an unexpected way in every frame. As such, the support of real-time
animations dynamically generated from interactive manipulation tools, streamed from a shared distributed
virtual environment or even procedurally generated, boils down to the simple solution of completely
rebuilding the acceleration structure in every fratdarfl?. The massive amount of research effort that

has been devoted in the eld of ray tracing, however, has resulted in an impressive performance speedup
of the construction stage of recent approaches, with the most popular being the hierarchical linear BVH
(HLBVH) [PL1G GPM11] and the treelet BVH (TRBVH)KA13], both implemented on the GPGPU
OptiX ray tracing engineRar+10p. Still, the construction process remains computationally intensive and
most likely will remain so, as the increase in computational power consequently increases the desire for
even larger and arbitrarily complex dynamic virtual worlds.

Directly applicable to interactive applications, uniform grié@d484 are able to achieve low con-
struction times through regular subdivision of the environment (middle of Figdje While easy to
implement, the lack of empty space skipping, which is available in hierarchical data structures, can
signi cantly increase traversal times, especially for incoherent rays. Therefore, they are mainly applicable
to scenes with uniform distribution of primitives, where the probability of early ray termination as well
as ray coherence is increased. However, traversal performance in environments containing moderately
non-uniform geometry distribution can be increased by employing a two-level level adaptive subdivi-
sion [KBS11]. Finally, the use of perspective grids, i.e., a perspective regular subdivision with respect
to a particular viewpoint (right of Figurg.1), can improve coherence on primary as well as on shadow

rays [GN12.
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It should be noted that the main advantages of regular grids are their ef cient construction and their
geometry-independent nature. As such, these data representations are not only restricted to algorithms
related to the ray tracing pipeline. They are also highly applicable to the rasterization pipeline and
real-time rendering, where they form the basis of volume-based illumination methods. These methods are
discussed in the next section.

3.2 lllumination Techniques

This section describes previous work on real-time and interactive global illumination techniques. These
approaches attempt to provide ef cient, albeit approximate, solutions to the light transport problem,
computed in either a few milliseconds or less than 1 second, based on the theory discussed ir2 Rection
and on the methods and algorithms presented in Secii@wsnd2.4. Interactive illumination is an
elusive goal, since solving the rendering equation even without the presence of participating media is
inherently complex, not only interactively, but also for of ine renderers. As already explained in the
previous chapters, there are many different parameters that affect both the accuracy of the result and the
time constraints: the number and type of light sources, the diversity of the light paths (which depends on
the complexity of the virtual world and the underlying materials) and the need to support dynamic, large
environments. Therefore, a solution supporting fully dynamic scenarios would need to approximate the
rendering equation continually, without any precomputations. As a result, interactive algorithms make
simplifying assumptions to several of the above parameters and usually aim at producing a plausible result
instead of an accurate one.

We start our discussion on the empirical ambient occlusion method presented in Sett#pboth
on image- and object-space techniques. This previous work is directly related to the method discussed in
Chapter4. The following sections focus on more complete solutions to global illumination, related both to
real-time and interactive rendering. Sectih@.2discusses methods operating in image-space, which are
mainly based in the idea of Instant Radiosity (see Se@idr), and Sectior3.2.3focuses on illumination
techniques operating in volume-space. These methods essentially lay the ground for our work presented
in Chapters. Finally, Sections3.2.4and3.2.5discuss prior work in interactive ray tracing with respect to
the rasterization pipeline, providing a background to the methods presented in Cloagitdis

3.2.1 Ambient Occlusion

The non-physically-based model of ambient occlusion attempts to simulate the "openness" of the environ-
ment above a shaded point (see Sec#icgh?). In general, this is accomplished by exploiting sampling
techniques to estimate the visibility of a point of interest with respect to its surrounding geometry.

AO methods are distinguished between object-space and image-space ones. Object-space methods
produce high quality, stable results, but depend on the scene complexity and are typically more expensive
to compute. Image-space methods produce reasonably convincing results and offer bounded rendering
times as they do not depend on scene complexity. They use information stored in the Gabudfex, a
series of textures containing information (depth, normal, re ectivity, etc.) from a speci c viewpoint, as
sampled for image generation. These methods can be executed in real-time and support fully dynamic
environments, but are prone to undersampling, view-dependent artifacts and accuracy limited to near- eld
geometry.

3.2.1.1 Object-space AO

The early work on accessibility shading by Millevil94] and the introduction of ambient obscurance by
Zhukov et al. ZIK98] were the key motivations for this area of research.

Bunnell Bun03 proposed a two-pass method to calculate per-vertex AO for dynamic scenes by
modeling the geometry as a collection of discs centered at point samples (surfels). The amount of
shadowing between each pair of disks is computed analytically. The discs are stored in a hierarchical
structure in order to support large environments, ef ciently.
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SSAO HBAO Volumetric Obscurance Alchemy AO

image plane image plane image plane image plane

o accepted samples o actual samples o actual samples o actual samples
e rejected samples o projected samples o projected samples o projected samples

Figure 3.2: lllustration of some popular screen-space AO techniques. Left: SSAO estimates the occlusion
based on random point sampling and visibility tests. Middle Left: HBAO uses a solid angle estimation by

rst sampling along a circular sweep in the azimuthal direction (red arrow) and then by linearly marching
along the height eld stored in the depth buffer. Middle-right: VO estimates occlusion by selecting samples

on a unit disc and measuring the exact distance between the projected samples and the hemisphere. Right:
Alchemy AO employs a solid angle estimation of the occlusion integral, similar to HBAO, but samples

the domain of integration based on an image-space unit disc, similar to VO.

Hoberock et al.lHJ0g modi ed the original algorithm to remove disk-shaped and linear interpolation
artifacts. Instead of disk elements, a number of meth&in{#06 SA07; CK10] approximate the
geometry as a collection of spheres, mainly for distant occluders.

Papaioannou et alPMP1Q use a volumetric approximation of the scene geometry generated in real-
time and perform ray-marching using the GPU. The accuracy of the method depends on the granularity of
the volume grid, but it can also capture occlusion from semi-transparent surfaces as well, if a non-binary
volume representation is utilized.

3.2.1.2 Image-space AO

Luft et al. LCDO06] simulated AO in image space by Itering the depth buffer with a high-pass kernel in
order to increase visual contrast of surface discontinuities. Screen-Space Ambient Occlusion (SSAQ) was
introduced by Mittring Mit07]; point samples are chosen from within a sphere centered at the shaded
fragment and tested against the depth buffer. The ambient occlusion is approximated using the weighted
result of the depth tests to estimate the open hemispherical volume above the shaded point. In this method,
hidden samples also contribute to the occlusion of the estimator.

The popularity of the original SSAO method has sparked an enormous amount of research interest,
which has been extensively focused on reducing the undersampling artifacts of the image-space AO
estimator. The concept of horizon mappindgx86 was exploited by Bavoil et alHSD0§ in Horizon-

Based Ambient Occlusion (HBAO). They perform a circular sweep of the image space near a shaded
point, by ray marching along the radial directions up to ag range. Each sample is tested against the
depth buffer in order to nd the highest elevation (horizon) in the point's tangent space in every search
direction. The nal set of horizon angles is then used to estimate the solid angle subtended by the horizon,
which is considered to contribute to ambient occlusion.

Loos and Sloan proposed Volumetric Obscurance (\(G)1[J], which improved the convergence of
the open volume estimator of the SSAO technigue. Samples are chosen uniformly on an image-space disk,
projected on the depth buffer, and line segments are constructed by measuring the exact distance between
the hemisphere and the projected samples. The occlusion above a point is then estimated by integrating
over these line segments instead of traditional point sampling.

The Alchemy Ambient Obscurance algorithm by McGuire etldicG+11 combined the sampling
scheme of Volumetric Obscurance with a statistical horizon-based approach to the open solid angle
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estimation; samples in an image-space disc above the shaded point are projected to the depth buffer and a
horizon is determined directly for each one of them according to their apparent elevation, thus dispensing
with the radial samples of the HBAO algorithm. Finally, a user-adjustable attenuation factor based on the
projected sample distance from the shaded point similar to Filion €&Ml0g] is applied to each partial
obscurance estimate. This technique was further improved later on to ef ciently capture occluders in a
wider range, in a GPU-friendly and multi-scale fashibiML12]. The aforementioned screen-space AO
techniques are also illustrated in Figi.&

Timonen [Tim13] proposed Screen-Space Far Field Ambient Obscurance, a method to sample the
entire depth buffer without producing sampling errors due to far- eld sampling.

Multi-layer/view Approaches

Despite the improvements in the AO estimator, view-dependent artifacts produced by single-layer image-
space methods were still evident in all approaches (see HigBreThe ef cient injection of missing
geometric information however, has received only a small amount of research interest, which we describe
next.

Bavoil et al. BS09 use several depth-peeled screen-space layers generated with an enlarged eld of
view for accessing visibility information behind the nearest depth layer and outside the screen bounds.
They calculate AO for each depth layer and keep the highest occlusion which improves the AO estimator,
but can overestimate occlusion. They also propose a dual resolution adaptive sampling approach to
increase performance. The use of depth peeling is able to complement the geometric information but
still misses occluders due to polygons that remain parallel to the view direction. Furthermore, it requires
additional passes to generate the required visibility information.

Recently, Bauer et alBKB13] proposed the use of A-buffer linked-lists for rendering multi-layer
opacity-based ambient occlusion. The use of an A-buffer, however, can pose important memory constraints
for real-time purposes and still misses geometry parallel to the view.

Relevance to this Thesis

In Chapter, we build on the concept of multiple viewpoinRES09 for screen-space visibility sampling,

but propose a weighting scheme for combining arbitrary views, such as the shadow maps which are already
generated in the rendering pipeline in typical real-time applications, such as games. The exploitation of
depth information from existing views translates to no additional computation cost or extra passes. The
weighting scheme balances the contribution of each view, without overestimating occlusion or the need of
a special view setup. Furthermore, we show how to utilize the view weighting function in order to perform
importance sampling and an adaptive sample reduction, thus signi cantly reducing the rendering time,
while maintaining high quality. Multiview occlusion can yield better results than simple depth peeling
but can also include importance-sampled depth-peeled views as a special case. Finally, user-de ned
(phantom) views like the ones used RGS09 can be exploited and seamlessly blended according to
their importance. We propose such a camera con guration to address view-dependent artifacts in hard
cases, such as con ned, indoor scenes with high occlusion, where previous approaches fail. We apply our
multiview method to ambient occlusion/obscurance calculation based on the Alchemy AO, SSAO and
HBAO algorithms, but the method can be applied to other similar techniques.

3.2.2 Image-based Global lllumination

Real-time image-based Gl methods focus on approximating illumination effects based on the geometric
information available in the G-buffer. This results in techniques that are independent of scene complexity,
and can be rendered very fast. However, all screen-space methods are prone to view-dependent artifacts,
due to missing geometric information in the depth buffer and undersampling issues.

TheRe ective Shadow Map&lRSMs) DS09 algorithm is the most GPU-friendly implementation of
instant radiosity (see Secti@¥.4) for single-bounce indirect illumination. RSMs exploit the rasterization
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Figure 3.3: RSMs store multi-channel information with respect to the light source, resolving visibility for
the rstindirect bounce of light. From left to right: the different components stored in the light G-buffer
(depth, position, normal, ux) and the nal image. Image sourd@Sp3g.

procedure for the generation of shadow maps to position the VPLs, thus avoiding tracing them in the
scene. RSMs are implemented similarly to shadow maps butmzehight, aside from depth, stores
information such as re ected ux, normal vector and world space position in a multichannel G-buffer
(see Figure8.3). The nal indirect illumination is accomplished by a simple gathering procedure for
each point to be shaded. In general, RSM methods suffer from high variance due to the large number
of samples required to reproduce the nal image and do not take indirect visibility is into account. The
same authord]S0q replace the gathering procedure with an image-space splatting approach to increase
performance and reduce variance. Nichols etN¥WD9] used multi-resolution splatting and eye-space
interpolation to reduce the shading computations and illumination artifacts respectively.

To mitigate the indirect visibility problem, Laine et aL.di+071 generate shadow maps for each VPL,
but only a few VPLs are created each frame by exploiting temporal coherency. The VPLs from previous
frames are kept if they are still visible to the light source. Ritchel eRit+D8] created an approximate
point-based representation of the scene in a preprocessing step and use this information to generate many
low resolution {mperfecj shadow maps, in order to approximate indirect visibility for each VPL in the
scene. Their approach was able to approximate indirect visibility at interactive rates, but the point-based
representation can miss indirect visibility from ne-grained geometry.

A more ef cient VPL placement and a view-adaptive distribution of the point-based scene approxima-
tion without precomputations is proposed by Ritschel etRit+{11]. Dong et al. Pon+094 extended
VPLs to Virtual Area Lights (VALs), which contain groups of VPLs with similar information. Indirect
visibility is checked against VALs, while illumination is perform using the VPLSs.

Ritschel et al. RGS09 proposed screen-space directional occlusion (SSDO) which calculates near-
eld directional occlusion and indirect illumination by generating samples in a hemisphere above the
shaded point and testing them against the camera depth buffer. The direction of each visible sample
contributes to the direct illumination, while blocked samples are projected on the depth buffer and the
contribution from the corresponding point samples from the direct lighting buffer is estimated. Due to
its dependence on a single depth check per sample, this technique cannot guarantee the visibility of the
projected sample, especially for large radii.

McGuire et. al.ML09] introduced Image Space Photon Mapping where GPU rasterization is used for
the primary light bounce and the CPU is used for the remaining photon bounces, using traditional ray
tracing. Instead of performing gathering to compute the nal indirect illumination, photorspéaedin
screen-space using the GPU.

Caustics mapping technique&/P06; HQO7: SKP07 operate in image-space to simulate caustics
at interactive rates. Typically, these methods render the environment from the light's point of view and
create a caustic map, which is projected onto the scene geometry on a later step. The photon gathering
process is commonly replaced either by an image-based nearest neighbor\84a0éhdr by a splatting
procedurelHQ07 SKP07. Employing xed splat sizes, however, introduces noise and aliasing artifacts
which is reduced by varying the splat si2¥[D0g], hierarchical methods/f/ymO08 as well as by adaptive
sampling through deferred shadingN09.
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Multi-layer Approaches

The previously discussed SSDO technique can be also augmented with the use of multiple views, in order
to account for the missing geometric information in the camera frame buffer. The authors employ the use
of additional depth-peeled views, positioned relative to the user's camera target position, and render the
scene from these viewpoints as well as the main camera's. However, this con guration requires several
additional passes and does not guarantee that important direct lighting is present in any of the generated
views, especially in environments with high occlusion.

Mara et al. Mar+14 described several algorithms to achieve two-layer depth peeling in a single pass,
demonstrated in various real-time applications such as re ections, diffuse global illumination and ambient
occlusion. Compared to prior work, which employed depth peeling for order-independent transparency,
each layer is viewed as a G-buffer element containing additional surface properties for global illumination
computations. Instead of naively selecting the second layer, the authors forced a minimum separation
between layers via a xed view-based metric, thus skipping geometry with potentially similar contribution
to the Gl due to proximity with fragments already sampled in the previous layer. However, there is no
guarantee that important geometry will be missed this way as surfaces within the separation distance may
have similar geometric terms of energy exchange but can have signi cantly different material properties.

Nalbach et al. [NRS14 proposed a deep screen space approach to overcome the drawbacks of
single-layer image-space illuminations methods. Instead of approximating the scene using the depth
buffer in order to resolve visibility and perform illumination computations, they approximate it using a
view-dependent surfel cloud of the triangle mesh using hardware tessellation. Each surfel is created so
that its radius is the same in screen space independent of world space position and orientation. The surfels
are then splatted to an array texture of different resolutions levels, so that pixels that are located near a
surfel use the full resolution image, while distant pixels use their subsampled versions. Their technique
was able to achieve interactive rates and was demonstrated in ambient occlusion, single-bounce indirect
diffuse and glossy illumination, directional occlusion and subsurface scattering.

3.2.3 \Volume-based Global lllumination

Evaluating the light transport integral for each point is a costly operation and still prohibitive for dynamic
environments and interactive applications. Therefore, a large amount of effort has focused in the develop-
ment of algorithms, which use some form of caching. Instead of estimating global illumination for the
entire environment, it is more ef cient to compute Gl only for a number of representative points in space
and use some form of interpolation for the rest of the scene (see Rglre

Irradiance and Radiance Caching

The idea of storing irradiance values at spatially indexed data structures was initially introduced by Ward
et al. WRC88 War94 for of ine rendering. The original irradiance caching was used in scan-line
style renderers; values already computed were cached and used for the subsequently evaluated points via
interpolation, while irradiance gradients were employed to better predict the missing data and improve
the quality of extrapolationar93. Krivanek et al. Kri+05] extended Irradiance Caching to Radiance
Caching to compute the indirect glossy and diffuse terms of low frequency BRDF's using hemispherical
harmonics at non-interactive rates.

Greger et al. Gre+9§ introduced the Irradiance Volume to compute diffuse global illumination to
speed up computations on semi-dynamic environments. The key idea is that instead of storing irradiance
values at surfaces locations, irradiance was stored in a bilevel volumetric grid, where each grid location
contained directional irradiance values in the form of a radial function, as an approximation of the
irradiance of that point in the environment. The Irradiance Volume was built in a preprocessing step for
static objects from a radiosity solution and surface irradiance for dynamic objects was then approximated
by interpolating the stored directional irradiance values in the lattice vertices, speeding up the computations.
However, occlusion information from dynamic objects was not taken into account.
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Figure 3.4: Volume-based caching methods store radiant energy on a sparse representation of the scene.
The directional distribution of incoming (or outgoing) light is commonly represented through projection to

a radial basis function. The rendering equation is evaluated for a point by reconstructing and interpolating
the irradiance integral from these stored samples. Left: The spheres represent the indirect illumination
(stored at their centers) using spherical harmonics. Right: the nal scene. Images rendered with
XEngine [VP], using the method presented in Chagier

In order to store radiometric information in space, the radiance eld needs to be estimated over
all incoming directions at a particular location in space. In interactive applications, where the indirect
illumination is mostly limited to diffuse surfaces, this is commonly achieved by representing the spherical
function of the radiance eld as the coef cients resulting from the projection of the radiance eld on a set
of orthonormal basis functions, such as Spherical and Hemispherical Harm8i&l[ RHO1. Their
most important property is that integrating two functions that have been projected to such a spherical basis,
is equivalent to taking the dot product of their coef cients (see Se@iarf). As a result, the simpli ed
version of the rendering equation for diffuse illumination (Equads0 can be replaced by the dot
product between the two projected functiobg(x;! ;) andcos ;. Other forms of representations exist as
well, such as Spherical Radial Basis Functidosu+04 or Wavelets NRHO3 NRHO04;, Kon+04¢, but are
less commonly used. Note that the Spherical Radial Basis Functions do not obey orthonormality and thus
break the dot product property and Wavelets are not particularly ef cient to compute and manipulate.

Similar to the above, Nijasure et aNPPG0§ use a spherical harmonics representation to sparsely
encode the radiance eld at the vertices of a 3D grid. The estimation of the radiance eld however is
performed via cube map rendering. Cube maps are rendered at the center of each cell and the incident
radiance is encoded using spherical harmonics coef cients. The nal indirect illumination at surface
points is approximated by interpolating the radiance from the closest grid points. Their method is view-
independent, supports multiple bounces and indirect occlusion, but requires a large number of draw calls
for the generation of cube maps.

Light propagation volumes{ap09 KD10; KED11] use a Discrete Ordinates Method scheme for
indirect illumination. VPLs are injected into a 3D grid using samples from RSMs and they iteratively
propagate light from cell to cell. Indirect occlusion is handled by using fuzzy volumetric representation
of the scene stored in a separate volume, which contains view-dependent blocker information injected
from the RSMs and the camera. View-dependencies can be mitigated through depth peeling. The method
has been successfully used in games, mostly due to its compatibility with volumetric scattering effects
and controllable (and bounded) calculation time. On the other hand, the energy transport model used is
very approximate and tends to over-blur the resulting irradiance. Furthermore, the result depends on the
number of iterations employed (propagation distance measured in cells), potentially excluding contribution
from geometry outside this range. The hierarchical version of the described method, the cascaded light
propagation volumesKD10], removes this restriction but drastically coarsens the granularity of the
solution for middle- and far-range geometry.
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Mauvridis et al. MP11]] create a sparse point-cloud of the scene geometry and store occupancy and
diffuse illumination at each voxel of a 3D lattice. A camera and RSM-based reprojection re nement
scheme is employed to remedy any missing holes introduced by the voxelization.

PapaioannouHapl] combines the grid-based radiance caching of Nijasure eN&J05 with
RSM sampling to generate the radiance eld at each cache location, thus dispensing with the cubemap
rendering. The key idea is that all light distributed in the scene is contributed from the light sources
and thus the re ective shadow map VPLs alone represent the non-zero radiance in the scene. Incoming
radiance from RSM samples is therefore directly injected to a 3D grid and encoded in spherical harmonics.
First bounce indirect shadowing is supported optionally using a view-dependent probabilistic attenuation
scheme exploiting the depth buffer information. For multiple bounces, a geometry-less energy exchange
scheme is proposed that exchanges energy among the cache points and secondary bounce visibility is
statistically approximated.

Relevance to this Thesis

In Chapters, we identify three problems existing in prior techniques, affecting both the performance
and quality of the indirect illumination. First, when expressing the radiance eld as a truncated series
of spherical harmonics, a large number of coef cients is needed to suf ciently approximate the original
signal, increasing the bandwidth requirements due to texture fetches during the reconstruction operation.
For this, we introduce a compression scheme based on the idea of chroma subsampling (se2.5ection
Second, computing the radiance eld for the entire grid imposes an unnecessary computational overhead
when participating media are absent. There, we employ an optimized positioning scheme of radiance cache
points which stores information only near surface locations. Finally, indirect shadowing is either expensive
to compute (through cubemap representations), computed probabilistically, or is view-dependent (based
on the depth buffer and the RSMs). In our method, we employ a binary geometry volume to provide
view-independent indirect shadowing.

Ray marching and Cone tracing

Thiederman et al.Thi+11] store the surface information of the objects in a scergeimmetry images

i.e., bijective texture maps, which encode the position, normal and material attributes of the geometry.

These texture atlases are subsequently ef ciently injected as point samples in a volume grid to create a
view-independent volume representation of the scene. Then, indirect illumination is estimated using ray

marching on the generated volume. Ray-intersections are accelerated through variable interval marching
within the volume data and indirect illumination is gathered from RSMs.

Crassin et al.Cra+1] proposed a volume-based cone tracing technique to ef ciently approximate
single-bounce indirect diffuse and specular illumination. Direct illumination is injected in a sparse voxel
octree £CG19 and gathered at the shaded points by cone marching. Each cone is sampled by stepping
along the cone axis and selecting the appropriate mip level based on the current cone radius. Their method
is generic and capable of detailed results at interactive rates, provided that a small part of the volume is
dynamically updated. Furthermore, this method is memory intensive as a large number of attributes have
to be encoded per voxel for illumination computations.

Sugihara et al.$RS14 improved upon the original algorithm by decoupling occlusion from illu-
mination data to reduce the memory overhead. Instead of using pre ltered multichannel voxels, the
voxelization holds binary occlusion information and the lighting information is stored in a pre Itered
RSM structure, called layered RSMs (LRSM). The injection operation of the lighting data is replaced by a
gathering operation in the LRSMs. Their method reduces the total memory consumption, but does not
scale well with the number of light sources and is limited to single-bounce indirect illumination.
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3.2.4 Rasterization-based Ray Tracing

Ray tracing can quickly become a computational bottleneck since it spawns millions of incoherent rays
in multiple directions and calculates intersections with every object in the scene. While a large amount
of research effort has been devoted towards improving the quality and performance of the spatial data
structures in GPGPU approaches (discussed brie y in Se&ibdr?), the needs for high-quality and
interactive content in large and complex environments have also resulted in recent attempts to perform
and improve ray tracing through the rasterization pipeline, essentially fusing the advantages of these two
pipelines.

The use of global ray-bundles; sets of rays with a global, common direction for the entire environ-
ment [SS96 SP9§ has been exploited in the rasterization pipeline to simulate full global illumination
solutions, such as path tracingdc05 Her+1Q Tok+13 and bidirectional path-tracing'012). Despite
their acceptable global illumination approximation output, however, these methods are not able to sample
at arbitrary locations, leading to various aliasing artifacts.

Zirr et al. [ZRD14] performed object-order ray tracing by exploiting a coarse voxel grid that stored
links to all rays intersecting each cell. Their deferred scheme is able to perform analytic intersection
tests, but required an undetermined number of geometry passes and was limited to single-bounce indirect
illumination.

Hu et al. Hu+14 proposed a full ray tracing solution using only the rasterization pipeline. The
scene is projected orthographically onto three A-buffers along with a low resolution volume for fast
ray-fragment intersection tests. The volume, which contains the fragments' average normal, is traversed
with a 3D Digital Differential Analyzer (DDA) algorithm to quickly identify a general hit location, and
the A-buffers are then traced to locate the intersected fragment. However, the authors assume that each
voxel contains one smooth surface and their method is therefore applicable to scenes of limited extent and
granularity, in order to suf ciently capture the underlying geometric detalil.

Ganestam et al@D15 use a hybrid approach to render perfect re ections and refractions. A boundary
volume hierarchy is created to store the geometry near the camera and a cubemap of G-buffers, each with
a eld of view of 90degrees, for the rest. Their method, which requires both GPGPU (CUDA) and the
rasterization pipeline, can achieve interactive frame rates but is still prone to view-dependent artifacts due
to the single layer information stored in each face.

Widmer et al. Wid+15] utilize their adaptive acceleration structure on a cubemapped variation to
offer multilayer re ections by off-screen objects at interactive frame rates, but their results are limited to
two-layered representations, opaque geometry and diffuse surfaces.

Relevance to this Thesis

While some of the aforementioned methods are able to support a full global illumination algorithm,
none of them is capable of performing ray tracing computations without posing any restrictions on the
geometric representation or on the effects that can be reproduced. Contrary to these approaches, the
techniques presented in this thesis are far more generic, as they are not based on discretized direction sets,
are not restricted to a particular type of surface or effect and are able to capture in high detail, multi-layer
information residing both inside and outside the viewing frustum. As a result, view dependencies are
either minimized (Chaptes) or eliminated completely (Chapt@).

3.2.5 Image-space Ray Tracing

Screen-space techniques are widely popular in the real-time community due to their capability to compute
post-processing effects as well as visually pleasing, yet approximate, global illumination phenomena.
Regarding the latter, visibility between points is commonly determined by performing ray tracing in
image-space, e.g., using the G-buffer.

The most widely used method for image-space ray tracing in the games industry, is the object-space
linear ray marching method as described by Sousa eBHEISL]. To identify a hit, a ray's position in 3D
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Figure 3.5: Example of screen-space ray tracing, where the ray is directed towards the hill at the top
left. Left: 3D ray marching. A ray is incremented in xed-size object-space increments (2 meters in
this case) and tested for intersections only at these locations (green pixels). Under- and over-sampling
artifacts occur due to perspective projection, resulting in pixels being skipped close to the near plane (near
the start position) and pixels being oversampled as the ray approaches the far plane (near the hit point).
Middle: 2D ray marching. The ray is incremented in pixel-space increments, avoiding incorrect hits due
to under-sampling artifacts. Right: Hierarchical 2D ray marching. The ray is sampled hierarchically,
reaching the intersection location in fewer steps. The colored rectangles indicate intersection queries
against different mip levels of the hierarchical depth buffer.

space is incremented in xed-size steps for a bounded distance. At each step, the current location of the
ray is projected in screen-space and tested against the current value stored in the depth buffer (see left of
Figure3.5). Despite its simplicity, this method suffers from ef ciency and performance issues. Performing

a large number of steps might result in looking at the same pixel multiple times (over-sampling), wasting
computational resources. On the other hand, employing a small number of steps will eventually skip
pixels representing correct intersection locations, resulting in skipping intersected geometry.

McGuire and MaralfiM14] proposed an ef cient 2D DDA GPU implementation by moving in
pixel-space increments instead of object-space (see middle of RBdyreAs such, they are able to
capture both contact details and distant geometry as well as to address the under- and over-sampling
limitations of the previous method. The authors demonstrate screen-space ray tracing against not only
single, but also multiple depth layers. However, the proposed scheme can exhibit erroneous behavior in
multi-layer schemes, as we discuss in Secfdh3

Single-layer screen-space ray tracing can be also performed hierarchically through a mip-mapped
depth buffer representatioblful4]. Essentially, this reduces the 2D traversal complexity fl@(n) to
O(log n) (right of Figure3.5). In this approach, the ray is tested against the values contained in the mip
hierarchy, instead of only the high-detail depth buffer. For each successful intersection test, the mip level
is iteratively re ned in order to determine the precise hit location. If an intersection test fails, the mip
level is increased, where each pixel represents a larger area to be tested, and the ray moves to the next
block, effectively skipping large areas in screen-space.

Relevance to this Thesis

Regardless of the sampling approach taken for screen-space ray tracing, all aforementioned methods are
based on ray-fragment intersection tests, i.e., rays are tested against the discretized representation of the
geometry stored in one or multiple depth buffer layers. As such, even with accurate pixel-based sampling
strategies (linear or hierarchical) rays can still pass through sparsely sampled geometry and incorrectly
intersect with the wrong one. A common approach to mitigate these artifacts is to employ a tolerance
factor during the intersection tests, essentially representing each fragment as a frustum-shaped voxel of
non-zero thicknessgD15. Still, correct intersection cannot be ensured, as explained in Chafdee

also Figurer.7). Furthermore, all current methods are mainly designed to properly handle single-layer
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scenarios. Apart from the quality issues, there has been no investigation on the performance considerations
with respect to performing intersection queries against arbitrarily complex multi-layer representations.

In our work, we investigate all these problems and generalize screen-space ray tracing in terms of
both performance and quality. More speci cally, our contributions with respect to the quality are:

« A modi cation of screen-space ray tracing (linear and hierarchical) to properly handle fragment-
based intersection tests when applied to multiple layers/views (CH@)pter

» A generalization of screen-space ray tracing (linear and hierarchical) to properly handle analytic
ray-primitive intersection queries (Chapigr

Also, we achieve signi cant improvements on the performance of ray traversal by applying various culling
optimizations. Here, our contributions are:

» Empty space skipping is applied in both the near and far sides of the frustum as well as in depth-
space, by exploiting per-pixel depth boundaries as well as a uniform depth-subdivision strategy
(Chapters and?).

« Hierarchical screen-space ray tracing is augmented by increasing the nest mip level in the hierarchy,
essentially trading traversal overhead in image-space with larger lists in the depth domain. This
modi cation provides signi cant performance bene ts in certain scenarios in our tiled-based ray
tracing architecture (Chapt@y.
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Chapter 4

Multiview Ambient Occlusion with
Importance Sampling

Figure 4.1: Multiview ambient occlusion combines depth information from any available views to Ilin
missing occlusion.

Screen-space ambient occlusion and obscurance techniques have become de facto methods for ambient
light attenuation and contact shadows in real-time rendering. Although extensive research has been
conducted to improve the quality and performance of AO techniques, view-dependent artifacts remain a
major issue. In this chapter, we introduce Multiview Ambient Occlusion, a generic per-fragment view
weighting scheme for evaluating screen-space occlusion or obscurance using multiple, arbitrary views,
such as the readily available shadow maps. Additionally, we exploit the resulting weights to perform
adaptive sampling, based on the importance of each view to reduce the total number of samples, while
maintaining the image quality. Multiview Ambient Occlusion improves and stabilizes the screen-space AO
estimation without overestimating the results and can be combined with a variety of existing screen-space
AO techniques. We demonstrate the results of our sampling method with both open volume- and solid
angle-based AO algorithms.

The chapter is organized as follows: Sectibhdiscusses the view-dependency problem of single-
space ambient occlusion techniques and our contribution. Sedtidaad4.3 presents the outline and
implementation details of our algorithm, respectively. Sectigireports on the ef ciency and robustness
of our method and discusses limitations and, nally, Secidnoffers conclusions and discusses future
research directions.
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4.1 Overview and Problem Description

Ambient occlusion is a non-physically based method which tries to approximate the amount of indirect
light that reaches a point based on its surrounding occluders, without taking into account interre ections
(see Sectiol.3.2. Two main approaches are taken when approximating ambient occlusion and obscurance
of complex, dynamic scenes; object- and image-based methods. Object-space methods produce stable,
high-quality results, but the proposed techniques are not suited for applications with limited per-frame
time budget for global illumination effects. On the other hand, image-based methods introduce a trade-
off between quality and performance. They produce reasonably convincing results and offer bounded
rendering times as they are decoupled from scene complexity, making use of information already stored
in the camera G-buffer.

In general, image-space techniques use buffers from available views, such as the camera G-buffer or
shadow maps to obtain information related to a world-space point and its surrounding geometry. Typically,
samples in the vicinity of a point are projected onto the buffers and the resulting image-space locations
derived through the view's depth map constitute an approximate reconstruction of the geometry at it. The
recovered information, is used in calculations such as ambient occlusion, obscurance and indirect lighting.
Despite the stable and fast performance of image-space methods, they all suffer from view-dependent
artifacts. This is mainly due to the absence of occluders, unseen in the image buffers of the current view
(inside and outside the view frustum). These artifacts are manifested in the form of shadows that pop up
as the camera moves and haloing effects.

Our Contribution

In this work, we present a single-pass generic method which addresses and improves the view-dependent
inconsistencies of current screen-space ambient occlusion techniques by exploiting geometric information
from other view points, such as the shadow maps, already generated as part of the rendering process. A
weighting scheme for balancing the contribution of arbitrary views is proposed, so that our technique
can be applicable to environments with high occlusion and geometric complexity without erroneously
estimating occlusion (see Figudel). Furthermore, we utilize our weighting functions to distribute

our samples based on their importance which, along with an adaptive sample reduction, reduces the
computational cost signi cantly while being able to maintain very high quality. Finally, for very hard cases
such as con ned, indoor scenes with high occlusion, we propose a camera con guration based on user-
de ned (phantom) views, similar in spirit to the ones used in SSBG$09. The views can be exploited

and seamlessly blended according to their importance. We apply and demonstrate our multiview method
to ambient occlusion/obscurance algorithms such as Alchemy Ambient Obscukés®e 11], Screen-

Space Ambient Occlusion (SSAQY[t07], and Horizon-Based Ambient Occlusion(HBA@BSO0],

but the method can be applied to other similar techniques.

To summarize, our contributions in this chapter are:

* A genericmethod for reducing view-dependent artifacts of screen-space ambient occlusion tech-
niques, which estimates the occlusion importance of an arbitrary number of views and reduces
errors in the nal occlusion estimation, even for the main camera view.

« An importance-driven and adaptive-based sampling algorithm for the distribution of samples among
the views, able to reduce rendering times signi cantly without sacri cing the nal quality.

* An extensive experimental study of the most common ambient occlusion techniques, as well as
their applicability to our a multiview weighting scheme.
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Figure 4.2: View dependencies of screen-space AO algorithms. Marked regions indicate erroneous
occlusion due to parallax.

4.2 Method Description

As screen-space AO techniques evolved, they attempted to improve mostly issues related to sampling qual-
ity, memory access ef ciency and faster and more accurate convergence of the occlusion integral estimator.
A prominent example of this constant re nement is the Scalable AO by McGuire éi®IL[L2]. However
the “traditional” problems of screen-space methods, such as view-dependent occlusion uctuations and
erroneous shadowing, still remain (see for example Figue View dependency commonly manifests
itself either as a gradual darkening at the edges of the frame buffer, as new depth values start contributing
to the occlusion estimation, or as erroneous occlusion due to lack of geometric information in the depth
buffer. The rst problem is remedied either by fading in the occlusion at the image boundaries or by
virtually extending the image buffer beyond the viewport. The second problem, i.e., the lack of depth
information within the image, is the root of severe artifacts in many cases, where geometry parallel or
nearly parallel with respect to the camera viewing direction causes discontinuities in the depth buffer and
makes samples fall on different surfaces than the shaded point lies on. If these samples are not culled
or attenuated (usually with respect to the maximum AO rangg), they cause a darkening halo at the
depth discontinuities. If on the other hand they are rejected, the result is an unnatural, view-dependent
brightening of normally shadowed crevices. The latter is also demonstrated in Bigure

Multiview Ambient Occlusion (MVAO) takes advantage of image buffers from secondary views, such
as shadow maps, which are already available at AO calculation time, in order to improve and stabilize the
latter, when screen-space techniques are used. For each fragment to be shaded in the camera frame buffer,
the occlusion or obscurance is estimated using any number of available views and the nal AO is the
combination of the partial results. The (partial) occlusion in each one of the image buffers is calculated
using a standard AO algorithm, such as the Alchemy AO method or SSAO. The combined occlusion
however, is not the average or maximum occlusion of all partial results, but rather a weighted sum of them,
since we need to favor views with better visibility of both the shaded point and the samples drawn in its
neighborhood and subsequently projected in the corresponding depth buffer. For instance, id.Bigure
AO samples for a point on geometry visible just above the broken wall in the foreground are more reliably
projected in the shadow map of the overhead light in the scene rather than in the camera view. Since we
allow multiple arbitrary views, the shaded points and near- eld samples may be occluded in any other
view but the camera buffer, and therefore the importance of these views must be adjusted per fragment
accordingly. The weighting functions for combining the partial AO results from the multiple views are
discussed in the following section.
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4.3 Algorithmic Details

Given a number ofi views we calculate the occlusion for a ponas:

" owipwvip)
O(p)= ; (4.1)

w(v;p)
v=1

whereO(v; p) and is the occlusion of view at pointp andw(v; p) is a weighting function describing
the contributionof the occlusion of view at pointp.

4.3.1 View Weighting Function

Any screen-space sampling implementation assumes that the point of iqteseatways visible in
the image buffer and that the same is true for the samples taken within its near eld. Additionally, the
eye-space normals at all sampling locations, including the central popaitvays point in the direction of
the center of projection. However, when projecting a camera buffer point to an arbitrary view, any of the
above assumptions may not hold. Furthermore, evpraifid the projected samples in viewcomply
with the above conditions, the view-dependent projection of the samples, especially at grazing angles,
makes certain view points unreliable for a given pgint

The importance of a particular viewin the calculation of the occlusid@(p) at any poinip visible
in the camera frame buffer depends on three factors: the visibiliyinfview v, the orientation of the
surface ap with respect to the view direction and nally, the proximity of the projected samples on the
v-th depth buffer t@. These three factors affect the overall contribution of the partial réxwitp) to
the nal occlusion in the form of a weighting functiom(v; p):

w(v;p) = bwy(v;p) +(1  Bwn(v;p); (4.2)

wherewy(v; p) is the sample distance weighting functiew, (v; p) is the directional weighting function
andbis a blending coef cient to bias the view weight in favor of the distance or the orientation importance
weight. The visibility indirectly affects the weighting function through the distance weight. Directly
accounting for the visibility of a point in a given view would cause discontinuities in the weighting
function, resulting in visible banding, for instance at shadow boundaries, if light views are used. The
blending coef cient value depends on the AO method used and is discussed in Sedétbn

Distance Weight

To avoid sampling occlusion at depth discontinuities and across depth layers or image regions where
geometry is obliquely projected, we favor views where the projected samples land closer to the central
(shaded) poinp (see Figuret.3). This is achieved by keeping track of taeerage distancéom p to the
projected samples on viewv (clamped ta max ):

Xs
min(jip  Sijj; 'max); (4.3)
i=1

wg(v;p) =1

N sl max

whereN is the total number of samples per view. Visibility of the central ppig handled indirectly
through the above weighting function; for an occluded ppiit the current view, many of the projected
sampless; will lie on the occluder, thus increasing the average distance and lowering the importance of
view v. However, the decrease wfi(v; p) will happen gradually, as more and more samples land on the
occluding depth layer whem moves behind an occluder, thus avoiding any visible banding.

Note that the calculation of the distance weight incurs no additional cost, giace already available
andjjp sjjj is needed for the distance-based obscurance attenuation function anyway.
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Figure 4.3: Distance weighting of a view with respect to the average distance of projected samples from
a given shaded point. Intense parallax in the depth buffer can cause many false positive samples in the
projection of the sampling pattern on the depth buffer. The thick green and blue lines visualize the distance
weight for each view, i.e., the average distance of the projected sampleg from

Directional Weight

A common problem in screen-space AO techniques is that, when the normal at a shadeddp@nges
from the viewing direction, the probability that a sample is projected on a disjoint or distant patch of
geometry, as registered in the depth map of the view, increases. Worse, in the case of multiview projection,
where the normah atp may point away from the view, the projection of the sample has a signi cantly
higher probability to land on a disjoint region than nearcausing erroneous occlusion. Figuré
demonstrates this issue; in a highly oblique view, samples on an image disk or in a hemisphege above
exhibit a strong directional bias towards one side of the sampling pattern and are prone to be projected
out of the near- eld rangemax . Although the effect of this issue varies according to the screen-space
algorithm used, the problem may occur in all views, including the camera view (e.g., at grazing angles
with respect to the geometry). A simple criterion to favor views facing along the normal veqtas e
dot product ofn andl,:

wn(v;p) = max(0;ly n); (4.4)

wherel, is the direction fronp to the center of projection of view. Views residing behing are highly
unreliable, therefore their contribution is set to zero by clamping the dot product accordingly.

4.3.2 Importance Sampling

We can use the weighting function of Secti®s3.1in order to direct more samples towards views with
higher contribution to the nal AO. However, since the distance-based weight; p) depends on the yet
unknown position of the depth samples, we initially generate a rst estimate of the occ@giop) and
the corresponding weightg(v; p) with a small number of samplési,i; for each viewv, for example,
5-7. The choice oNjnit depends on the speci ¢ AO algorithm used (see quality comparison in FHig8re



72 4.3 Algorithmic Details

W 0 /v]Y 0 ¢« U%O0 %o}e]Y}v
@ he 0 %% @E}i & =« u%o}V
" ©eZi & %E} & -« u%

Unreliable view Reliable view

pe pe

Figure 4.4: Directional weighting of a view with respect to the normal vector at the shaded point. Oblique
projections or viewpoints facing away from the normal can cause severe artifacts in view-dependent
near- eld geometry recovery from depth.

O(v; p) andw(v; p) are used to perform importance sampling on the image buffers in a second iteration,
with N (v; p) samples for each view.

The importance of a particular viewand consequentiyy (v; p), is directly proportional to the initial
weighting function estimater(v; p). Additionally, since we have a rst estimation of the occlusion at
p from viewv, N (v; p) can be biased against regions with low occlusion to avoid wasting samples on
uninteresting regions. This way we combine importance-driven sample distribution among the views and
occlusion-driven adaptive sampling in a singidaptive stepThe proposed heuristic for determining
N (v; p) is directly proportional to both the initial estimate of the occlusion and the current view weight:

1+ O(v;p).

N (v;p) = (Ns Ninit )w(v;p) 5

(4.5)

The new importance-sampled occlusiog(v; p) of each viewv from the adaptive step is added to the
initial estimateO(v; p) and the updated occlusion becomes:

Ois(V; p)N (v;p) + O(V; p)Ninit :

otvip) = N (v;p) + Ninit

(4.6)

This second, adaptive step also calculates new weigh(s; p) for each viewv, which are used to update
the weighting function estimat&(v; p), similar to Equatiors.6:

Wis(V; P)N (v;p) + w(V;P)Ninit .
N (v;p) + Ninit '

w(v;p) = 4.7

The example in Figuré.5demonstrates how a signi cant reduction in the total number of samples and
the respective rendering time of the AO buffer is achieved, without signi cantly affecting the image
quality. Since more samples are shifted towards more reliable views in terms of depth variance and
view orientation, occlusion variance due to view selection is minimized. The occlusion-driven adaptive
reduction of the number of samples on the other hand, introduces some noise (sed B{glirewhich is
however suppressed in the post- Itering stage. In this particular example, the Alchemy AO algorithm was
used with a 15-tap rotating kernel and time measurements correspond to rendering 1 megapixel of the
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Figure 4.5: MVAO with importance sampling (I1S) using the Alchemy AO variation. Example using the
camera and the main light shadow map. (a,b) Raw and Itered obscurance without IS. (c) view weights:
red denotes camera weights, green corresponds to light view. (d) Number of samples with respect to
maximum samples. (e,f) Raw and Itered obscurance using IS. (g) Close up view of the highlighted region
in (@) and (e). (h) The nal rendered view.

AO buffer with 100% geometry coverage. The joint bilateral ltering time to produce the smoothed AO
buffers is not included. Both the Itered and un ltered buffers are provided for comparison (a,b,e,f,g).
The heatmap of inset (d) indicates the percentage of the total samples used with respect to the maximum
number of samples for both views, i.8., 15here.

The partial occlusion result3(v; p) can be estimated and combined in a single fragment shader for
the camera view using an image-space AO algori&@E stimation :

Algorithm 1 MVAO Fragment Shader

1: for all viewsv do . init step
2: Ov(v;p);w(v;p) AOEstimation (Nijni )

3: end for

4: for all viewsv do . adaptive step
5: EstimateN (v; p) usingEquation 4:5

6: Ois(v;p);wis(v;sp)  AOEstimation (N (v;p))

7 EstimateO, (p) usingEquation 4:6

8: Estimatew, (p) usingEquation 4.7
9: end for
10: EstimateO(p) usingEquation 4:1

4.4 Experimental Study

Implementing MVAO in a deferred lighting scheme is easy, since the method is a drop-in replacement
for a single screen-space AO calculation shader. Since our method is generic, it is applicable to a variety
of AO algorithms. In this study, we start with a description of our experiments setup and a discussion
on the provided supplemental material of this chapter, in Secdohd and4.4.2 respectively. We
continue with an extensive qualitative and performance analysis with the most popular AO techniques,
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in Sectiord.4.3 and a discussion regarding the generatiobesft normalswhich is an estimate of the
average open direction above a shaded point, in Sedtibd Since our method is generated based on
readily available views, positioning in small, con ned environments is not always trivial. As such, we
have also experimented with an ef cient positioning of user-de ned views for hard scenarios, which is
discussed in Sectioh.4.5

4.4.1 Experiments Setup

We ran our tests on an NVIDIA GeForce GTX 570 and report times in milliseconds per megapixel of an
AO buffer with 100% geometry coverage. Timings for multiple resolutions are not provided, since our
experiments showed that they scale linearly with the pixel count, as expected. Furthermore, since this
algorithm operates in image-space, there is no dependence on the geometric complexity of the scene.

4.4.2 Supplemental Material

We provide as supplemental material the shader source code of the multiview version of Alchemy
AO [McG+11] as well as a video that showcases the bene ts of our method in both open and enclosed
environments of arbitrary complexity.

4.4.3 Multiview Ambient Occlusion Variations

We have integrated MVAO with representatives of both open volume and solid angle genres of screen-
space algorithms. Figuek6 provides a comparison of the AO produced by a camera-only screen-space
technique and its multiview implementation, as well as the resulting bent normals and nal shading. In
these implementations, the distance weighting function is the predominant view selection criterion, while
the directional weighting function is required only in techniques, which use the surface normal for the
occlusion estimation. Figud 7 includes relative timings of the MVAQ variations for 2 and 3 views with
respect to our single-view algorithm implementations, including importance sampling where applicable.
We also report the absolute AO rendering times for our single view versions for completeness. These are
only indicative as the relative performance of MVAO to the single-view methods matters.

4.43.1 Solid Angle Algorithms
Alchemy AO

First, we have implemented a variation of the recently developed Alchemy Ambient Obscurance algorithm,
due to its ef ciency and stochastic rather than explicit horizon estimation. The MVAQO version of this
algorithm produces stable results and the view-dependent artifacts are reduced signi cantly. In terms of
performance, Alchemy AQO scales proportionally with the number of views, as shown in the top chart in
Figure4.7. Additionally, in all test scenes, importance sampling was particularly effective in drastically
reducing AO buffer rendering times, which in some cases were lower than the single-view Alchemy AO,
for the same maximum number of samples (see the “2 + I1S” column).

HBAO

Horizon-Based AO produces more accurate radial horizon measurements in exchange for more samples
and increased computation time, but for the same reason tends to enhance errors when depth information
is inaccurate due to high occlusion. When applied to MVAO, it produces banding in the form of silhouettes

in regions, where the variance of the distance weights is high, such as the shadow boundaries, if light
views are used. In the latter case however, this does not perceptually affect the nal image, since the
occlusion transitions coincide with the shadow boundaries. Performance-wise, our HBAO variation is the
heaviest algorithm, so the stochastic horizon construction of Alchemy AO should be preferred instead.
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Figure 4.6: Multiview implementations of various AO algorithms. In this example, MVAO uses the
camera, the shadow map and a xed phantom view. The red regions denote areas where our multiview
approach has the highest contribution

In our tests, we have found that both solid angle techniques need to favor the distance weighting
function © 2 [0:8; 0:9]).

4.4.3.2 Open Volume Algorithms
Screen-space Ambient Occlusion

In our implementation of sample-rejection occlusion, we sample the hemispheremgbostead of the
entire sphere centered@t The depth test mechanism used for the occlusion calculation performs well
when adapted to the MVAO scheme, but two modi cations are needed. First, the directional weighting
function is not necessary as SSAO does not use normals for evaluating the occlusion intedral)(
Second, points on surfaces facing away from the view tend to produce shadowing instead of occlusion.
Relying on the distance weighting function to lower the signi cance of the problematic view would not be
suf cient however, since both the shadowed and visible regions with respect to the view can have similar
average sample distances. On the other hand, if for all samples that are not visible in the view we assign a
distance equal tomax When computingvg(v; p) we effectively bias the weight against regions in shadow
and therefore eliminate the erroneous shadowing.

In terms of quality, multiview SSAOQ results in stable and plausible images. The performance of
multiview SSAQ is comparable to that of Alchemy MVAQO. However, importance sampling is less effective
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Figure 4.7: Relative timings of MVAO for various scenes (color-coded insets) with respect to the
corresponding single view AO. IS denotes importance sampling and the dark part of the bars corresponds
to the initial samples taken (5 and 7 samples for the Alchemy AO and SSAQ respectively). IS is not
available in HBAO, due to its xed sampling strategy. Alchemy AO and SSAO both use maximum 15
samples, while HBAO uses 6 slices with 4 radial samples per slice.

compared to Alchemy AO, mainly due to higher variance in the initial weight and occlusion estimates.
Figure4.8 demonstrates this fact; both the visual comparison and the RMS difference of the importance
sampling results relative to the basic MVAO method reveal that the slower convergence of SSAQ increases
the deviation of the initial estimates for the occlusion and the view weights, which in turn lead to a slight
degradation of the overall occlusion (1.3%) with respect to the Alchemy AO.

Volumetric Obscurance

VO improves the convergence of the occlusion integral by measuring the exact distance between a point
on a hemisphere and the projected sample. However, VO is incompatible with our multiview algorithm,
since it relies on distance measurements rather than point sampling; if the sphere of fagdiasoundp

is below the depth horizon, i.e., when all samples in the vicinity afe invisible in the current view, VO
produces shadows instead of occlusion. When the extra views are light sources, the calculated obscurance
accentuates deep shadows and softens the shadow boundaries. Since the results deviate from the intended
effect we do not present relative timings for this method. Still, VO can be used as an alternative integrated
obscurance/shadow generation technique.

4.4.4 Bent Normals in Multiview Ambient Occlusion

Multiview AO also supports the generation of bent normals using the weighted results from different
views. A uniform way to do this with negligible overhead is to accumulate for every vithe vectors

from the central poinp to every original sample (not projected on the depth buffer) that is not obscured
inv, i.e., lies in front of the recorded depth and thus signi es an open direction. The result is blended
with the normal ap. The partial results from all contributing views are weighted in the same manner as
the AO values. Figurd.6includes bent normal calculation results for the multiview implementations
described above.



77 4.4 Experimental Study

Figure 4.8. Comparison of AO quality for the multiview Alchemy AO and SSAO methods, using
importance sampling with differetd;,i; number of samples for the rst estimate of the occlusion and
weights. Corresponding AO rendering time is shown for the two methods for a 1Mpixel AO buffer and
1Mpixel shadow map.

4.4.5 Discussion on View Positioning

MVAO can account for any number of views, but our tests have shown that one or two additional views
are usually suf cient for improving signi cantly the occlusion estimation, even in highly occluded parts
of the environment. Adding a large number of views to MVAQ is impractical, since the AO computation
time could become prohibitive for real-time applications.

For open environments, or parts of indoor environments where shadow maps provide a signi cant
coverage of the geometry, the latter can be effectively used as secondary views (see #igyareit.5).
For example, in Figurd.l, the obliquely projected ground and left wall in the camera view do not
contribute signi cantly to the estimated occlusion in a single-view approach. However, by using MVAO
and including the overhead light's shadow map, signi cant geometric information is introduced and
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Figure 4.9: The two shadow maps of the scene's light sources are successively added into the MVAO
calculation (top row) and the corresponding incremental AO contribution is shown in the middle row. The
bottom row includes the weights of the 3 views (R: camera, G and B: shadow maps), the nal shaded
scene and the reference ray-traced ambient occlusion.

exploited, as demonstrated in the bottom left inset, where the occlusion difference of the single and
multiview approaches is shown. Itis important to keep in mind that views that do not reveal complementary
geometric information are unlikely to improve the result compared to a single-view AO method, as
expected. Therefore, such view points should not be included into the MVAO calculations.

In the example of Figurd.9, a dif cult case is provided; most of the information comes from the
camera view, while the two shadow maps used do not provide a wide coverage of the camera frustum.
Still, accounting for the two additional buffers, helps include missing occlusion and improve its constancy,
bringing the nal result closer to the reference AO solution.

Two more cases are illustrated in Figdrd 0 where MVAO does not improve the occlusion in parts
of the camera view due to lack of coverage of the corresponding regions in the secondary views (shadow
maps). The example in the top row uses the shadow map of a light source positioned on the left of the
camera view. As expected, missing geometric information at the area on the ground just beside the wall
on the right is lled in and occlusion is corrected. However, that was also expected for the occlusion at the
corner on the right of the doorway, but the corresponding geometry does not appear in either the camera
or the shadow map, since that part of the wall is in shadow. Note that Fg2idemonstrates MVAO
in the same scene under similar lighting conditions, but the nal occlusion is substantially closer to the
reference AO, even in the shadowed regions. This is because in this example, we exploit two light sources
with substantially different elds of view, one main overhead light (causing the high contrast shadow) and
one Il light. The bottom row of Figuret.10demonstrates a hard case where, for the most parts of the



79 4.4 Experimental Study

Figure 4.10: The view-dependent artifacts (red rectangles) are not removed since they belong in the
shadowed region of the light. The Incremental AO is almost empty and the View Weights rely heavily on
the camera depth buffer (red color).

Figure 4.11: MVAO in con ned spaces with heavy occlusion. Using an additional pair of cross-eyed
low-resolution "phantom"” depth buffers eliminates most view-dependent artifacts.

environment, direct illumination from an overhead light source is blocked. Using the shadow map of that
light source in the MVAO results in a rather negligible contribution to the overall effect.

4.45.1 Phantom Views

For con ned spaces and parts of a scene that are not present in a shadow map, instead of using the shadow
map(s) as additional views, one may opt to gthdntomviews and render the scene at a low resolution

from there. Phantom views can also be set up to follow the user from a different relative view, similar

to [RGS09, complementing the visible geometry of the camera viewpoint. We have tested the four-view
con guration described in the above paper and found that it is ineffective in a typical indoor environment,
where high occlusion from walls and other pieces of geometry obstruct the visual range of additional
cameras pointing towards the user's point of interest. Furthermore, the latter is ill-de ned in most cases
and thus unreliable.

We propose the use of a stereo pair of phantom views arranged as shown ind=igutee additional
low-resolution cameras render the scene from positions behind the user, but at a xed, close distance so
that the possibility of one of the views being obstructed is minimized. Having the look-at directions of
the additional cameras cross each other in front of the user, allows for high coverage from signi cantly
different vantage points near the camera, where accuracy is needed the most. The parallel-to-the-ground
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Figure 4.12: Quality comparison between different phantom view shadow map resolutions. The left
and center columns of the insets correspond to the shadow maps of the left and right phantom views,
respectively. The rightmost column insets refer to the MVAO buffer. Bottom right: Timings for phantom
views and MVAO rendering compared to a single-view AO approach.

con guration was chosen having in mind that in most practical scenarios, the view is obstructed by objects
whose vertical extents are dominant (e.g., walls, trees, people, etc). Placing the phantom views behind the
camera prevents clipping the geometry in front of the camera against their near planes.

For typical scenes, we have found phantom view resolutions between2886and 512 512 to
produce satisfactory results (see Figdrg2). Buffer resolutions above 25656 remove the artifacts,
while maintaining an almost constant rendering time. As shown in the timings included, the extra time
required for rendering 2 phantom views and executing the MVAO pass with importance sampling is about
37% greater compared to the camera-only AO. In our tests, increasing the resolution further, did not
improve the image quality, while it incurred a performance hit to the MVAO computation time, mainly
due to the frequent texture cache misses as a result of the larger image buffers.

4.5 Conclusions and Future Research Directions

In this chapter we have presented a cost-effective solution to the view dependency issues of image-space
methods. We weight the contribution of the camera and other views, such as light sources or phantom
views depending on the visibility of poimt and its samples, the direction relative to the view and the
average distance between the projected samples. Importance Sampling uses the rst estimate of the
occlusion and weight information to adaptively reduce the total sample count and therefore minimize the
overhead imposed by the AO calculations for the extra viewpoints. We show that our algorithm works
reasonably well with a variety of techniques and increases the existing visibility information. However,
the selection of viewpoints directly affects the completeness of the occlusion information; geometry not
properly represented by any of the depth buffers will still produce erroneous, view-dependent occlusion.

Regarding future directions, it would be interesting to investigate the applicability of our generic
scheme to other screen-space techniques, incorporating phenomena such as indirect lighting and color
bleeding. Furthermore, in the same spirit BES\W1(Q, temporal coherence can be explored by using
previous image buffers from different viewpoints, effectively spreading the multiple views over time
instead of space. Finally, the most interesting direction is probably a partially/fully dynamic phantom
view placement, taking into account factors such as occlusion by adjacent geometry.
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Chapter 5

Real-time Radiance Caching using
Chrominance Compression

Figure 5.1: Our radiance caching method compresses the radiance eld by retaining the directional
resolution of luminance and suppressing the chrominance (left), leading to ef cient radiance cache
throughput while preserving details such as indirect shadows (middle). This is combined with a reduced
cache population scheme, resulting in the ef cient rendering of large and detailed environments (right).

Real-time radiance caching methods typically store information about the radiance eld on a lattice of
cache locations within the scene in order to improve ef ciency. When spherical harmonics or other basis
functions are used for representing the radiance eld, the coef cients of the truncated series employed to
suf ciently approximate the original signal can impose an important computational penalty for real-time
applications. Additionally, if in-scattering due to transport of indirect lighting through participating
media is absent, storing radiance for all grid points in the volume results in wasted computations. In
this chapter we introduce the idea of expressing the radiance eld in luminance/chrominance values
and encoding the directional chrominance in lower detail. We combine the radiance eld chrominance
compression with an optimized cache population scheme, by generating cache points only at locations
that are guaranteed to contribute to the reconstructed surface irradiance. The computational and storage
savings obtained allow the use of higher-order spherical harmonics to suf ciently capture and reconstruct
the directionality of diffuse irradiance, while preserving ner intensity transitions and maintaining fast
and customizable performance. We exploit this radiance representation in a low-cost real-time radiance
caching scheme, with support for arbitrary light bounces and view-independent indirect occlusion and
showcase the improvements in highly complex and dynamic environments. Furthermore, our general
qualitative evaluation indicates bene ts for of ine rendering application as well.

The chapter is organized as follows: Sectohdiscusses the general problem and our contribution.
Section5.2 explains the required background work of our approach. Sebt®presents the outline of
our algorithm, while Sections.4to 5.6 discuss each of our contributions separately. Se&idneports
on the ef ciency and robustness of our method and discusses limitations and, nally, Se&ioifers
conclusions and discusses future research directions.
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5.1 Overview and Problem Description

Real-time global illumination methods are of particular interest in both the research and industrial
community as today's applications strive for visually rich and realistic environments. Due to the hard
time constraints posed by real-time rendering and dynamic environments, the costly evaluation of indirect
illumination against the entire scene is usually replaced by a gathering operation against a sparsely
generated radiance eld. In these methods, the incoming radiance is encoded as a radial function, whose
coef cients are computed through projection to a truncated series of orthonormal basis functions (such as
spherical harmonics). These coef cients are injected into the cells (cache points) of a three dimensional
lattice, stored in global memory, and retrieved during a gathering (reconstruction) step at a later stage
to compute the indirect illumination for each point in the environment. While the performance bene t
provided by these approaches is substantial, the memory bandwidth required for the representation of
the radial function during the injection and reconstruction stage can impose a signi cant overhead in the
illumination computations. This becomes even more important in today's large virtual worlds that require

a large number of cache points to represent in more detail the incoming radiance. Even worse, methods
that ignore participating media may spend a considerate amount of time in calculating and sampling the
radiance eld in empty space, i.e., in locations that are not near the geometry and do not contribute to the
lighting of nearby surfaces, resulting in wasted computations or even incorrectly sampled radiance.

Our Contribution

Inspired by the recent work on chrominance subsampling for frame buffer comprelg$dd][ Com-

pressed Radiance Cachif@RC) introduces the conversion of incident radiance to the YCoCg color
space (see Sectidghb) before projecting the directional signal to the spherical harmonics basis. The
chrominance components are encoded using lower order spherical harmonics than the luminance channel
without signi cantly compromising the visual quality (see Figld). This compression scheme is able

to minimize the storage, bandwidth requirements and the number of texture fetches, as well as improve
the texture cache coherency for real-time illumination computations. Furthermore, in contrast to previous
volume-based caching methods, we store incident radiance only near those surfaces, where indirect
illumination is gathered for the nal shading, but still bene t from the data access and interpolation
mechanisms of a volumetric representation. Finally, we exploit the storage and texture access savings of
the radiance eld compression by implementing a very fast and stable diffuse indirect lighting approach
that extends th&adiance Hintsnethod Papl]. The improved method supports full view-independent
indirect shadows in all indirect interre ections and in combination with a geometry-driven cache point
selection, achieves real-time performance for arbitrarily complex scenes.

More speci cally, our contributions in this chapter are the following:

« Introduction ofdirectional chrominance subsamplirigr radiance eld compression, reducing
the cache storage and access cost (see SexdhnWe apply this to real-time diffuse global
illumination and demonstrate the resulting performance improvement.

» Optimized positioning of radiance cache points in a volumetric grid, storing the radiance eld
only near locations where the irradiance is going to be evaluated (see Se&jiofror single
bounce indirect illumination, this corresponds to enabling cache points only near points visible to
the camera. Due to@ccupancy volume dilatioprocedure, no view-dependent artifacts occur.

 View-independerdpproximate indirect shadowing for all light transport events, based on a binary
geometry volume, which is already constructed for the purpose of the cache point occupancy
determination (see Secti@n6).

Note that while our last contribution essentially improves the speci ¢ indirect lighting method
(Radiance Hints), both the chrominance compression and the optimized cache point positioning are
generic contributions and can be applied to other radiance caching techniques.
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5.2 Background Work

The Radiance Hints method (RHYdp11], which this work extends, combines the grid-based radiance
caching of Nijasure et aINPGO0J with the use of RSM sampling to generate the radiance eld at each
cache location, thus dispensing with the cubemap rendering.

A re ective shadow map is built for each light source that contributes to indirect lighting. The
incoming radiance from RSM samples is measured and an approximate radiance eld is encoded as
spherical harmonics coef cients and stored at each cache point laid out on a 3D uniform grid. This process
is continued in an iterative manner for all contributing lights, accumulating the respective radiance eld
SH coef cients.

First-bounce indirect shadowing is supported optionally using a view-dependent probabilistic at-
tenuation scheme. In the case of multiple bounces, a second lattice is created for interleaved radiance
eld update and the new radiance eld is estimated by direct energy exchange among the cache points.
Secondary bounce visibility is statistically approximated.

RSM Sampling

The radiance eld for the rst bounce of indirect illumination is estimated by sampling the information
stored in the RSM G-buffer of the light sources. Each cell in the shadow map represents a small area light
source or gixel light that illuminates the scene as if an actual light source was placed at that particular
location. The radiance function (radiance eldjP;! ) at cache poinP can be represented using the
spherical harmonics basis functiod§'(! ) of degred and ordem as:

X X
L(P;!) ¢"(P;)Y,"(1); (5.1)

=0 m= |

a"(P;!) = Nexeis *° KV (X POV Nk ).

ns X P2 ’ (5-2)

k=1
whereniexels is the total number of texels in the RS is the number of samples drawn from the RSM,
Xk, Nk and g is the position, surface normal and stored ux at thth sample, respectively and,
is the directionP, ! xy. Finally, the functionV (x; P) is responsible for the visibility estimation
betweernx, andP .
The parametric-space positions of the RSM samples are chosen based on a precomputed rectangle of
low-discrepancy Halton sequence. The total number of samglean either be split uniformly among
the light sources or allocated based on any importance sampling scheme. For each RSN gairgplan,
a corresponding radiance “reception” posit®p at an arbitrary location inside the cache cell is chosen
and incoming radiance is estimated along the path Py.
Typically, 50-200 RSM samples are used. The resulting coef cigii{®;! ) are stored in the RH
cell render target channels and this process is repeated for all cache volume cells.

RSM Importance Sampling

For a large coverage of the scene by the RSM, the radiance can be poorly sampled because of the selection
of distant and therefore insigni cant samples. For this reason, similar to the original RSM method and
the Radiance Hints method, we perform importance sampling by focusing the distribution close to the
projection(up ; vp) of P in the parametric RSM space. In contrast to the disk sampling approach used in
the above, however, we perform a different sampling domain selectian; amsquare window centered

at parametric coordinai@lc; v¢) is de ned, whereD s 1 so that(uc; ve) is the closest location to
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Figure 5.2: The importance sampling window regulated by the sample spré&e red square shows the
sampling area based on the projected cent& of the RSM(up ; vp) and the blue square the modi ed
one(uc; V¢) according tcs (0.8 in this case) so that the RSM samples (gray color) do not cross the texture
boundaries.

(up; up) without the window crossing the texture boundaries (see Fig@e
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Samplegug; vk) on the RSM are drawn from the parametric regifpin. =; uc+ =J; [ve i; Vet é]) by
simply scaling and shifting the precomputed Halton samples according to the “sgraad'Equatiord.3.

This alternative importance sampling approach has the following useful properties: it retains the
spatial distribution of the Halton rectangle samples, it requires no special handling of samples falling
outside the unit rectangle of the parametric space (i.e, rejection or domain folding), it seamlessly resolves
to the initial rectangle fos = 1 and its PDF is simply the uniform distribution scaled$y. Note
however that this sampling selection is not unbiased, due to the fact that samples outside the square
window have zero probability of being selected.

Secondary Interre ections

For each cache poift to be updatedysec Sampling directions ¢ are uniformly chosen arourfél and the

contribution of an, also arbitrarily chosen, cache p&igtin this direction is sampled. The radiance eld

is incrementally updated by accumulating the gathered radiance spherical harmonics coef dRents at
Let L(P;! ) be thei-th light bounce, wher& (P;! )@ = L(P:!) from Equation5.1 Using

a uniform spherical distribution af sampling directionsl. (P;! )(') can also be approximated by a

truncated spherical harmonics series, in the spirit of EqQué&tibras:

XI
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where! « = P! xx. E(Xk; !k) isthe estimated irradiance on a virtual re ective surface positioned
at the sampled locatioxy , which is oriented towardB, i.e., ! . Note that in the above formulation



85 5.3 Method Description

Figure 5.3: The radiance eld generation and caching pipeline. The rectangles correspond to separate
shader passes.

contributing points are not necessarily the nearest ones tmr is occlusion taken into account. Having
expressed the radiance eld as spherical harmotiigp,;! ) can be ef ciently reconstructed using a
closed form solution as proposed Ramamoorthi etRiHQ1]. To compensate for the unknown albedo at
Xk, @ Xed average scene albedg,e is used for the secondary interre ections.

Irradiance Reconstruction

The surface irradiance at the visible fragments is reconstructed as follows: A number of samples are
selected on a normal-aligned rotating hemisphere above the shaded point. The fragment's nal irradiance
value is then estimated by the dot product between the interpolated radiance SH coef cients and the SH
coef cients of the oriented hemisphere.

5.3 Method Description

In CRC, a uniform volume grid for maintaining the radiance cache data is created, similar to the Radiance
Hints algorithm, with a prede ned maximum resolutiorcorresponding to the longest side of the radiance

eld bounding box. The CRC volume may occupy the entire scene, a part of it or be centered at the user
and translated in voxel-sized increments. To support more than one bounce a second volume is created,
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for interleaved radiance eld update.

The steps required for determining the position of the occupied cache cells in the current frame,
the population of the cache, the compressed encoding of the radiance eld in them, the secondary
interre ections and the nal irradiance reconstruction are outlined in the following paragraphs and
summarized in Figurg.3.

Cache Points Determination

The cache point occupancy information is generated per frame based on a 2D binary voxelization of the
scene at a higher resolution (quadruple resolution in each dimensiomedneetrywolume, which is

also maintained and used for visibility tests. Then,dgheupancy volumis generated through a special
mipmapping procedure and is also stored as a 2D bit-mask texture. For single-bounce indirect illumination,
only cells visible to the camera need to be enabled,depth occupancy volune created instead. This

can reduce signi cantly the number of occupied cache points, without any degradation or view-dependent
behavior. In a single pass, the appropriate occupancy voludikiedto avoid interpolation errors during
irradiance reconstruction. The process is described in more detail in SBdion

First-bounce Radiance Field Estimation and Compression

The radiance eld of the rst light bounce is estimated similarly to the Radiance Hints method, but the
computations are restricted to the occupied cache cells rather than the entire volume. Also, indirect
visibility is estimated by ray-marching through the geometry volume, rather than using the depth buffer,
thus dispensing with any view dependencies. The rst-bounce radiance caching requires one pass and
one drawing call for the entire volume per light source. The CRC volume cell fragments are generated
with layered rendering and geometry instancing of a volume-sweeping quad. For each light source, the
occupancy of all radiance cache volume cells is checked and for occupied cells only, the RSM is sampled
and each sample is checked for visibility. The incoming linear RGB radiance from visible samples is
transformed to the YCoCg space and compressed so that the luminance is always projected to a 3rd order
SH basis and the chrominance values are encoded in 1st, 2nd or 3rd order spherical harmonics, depending
on the quality setting of the method. The resulting coef cients are nally accumulated in the CRE cell
data. See Sectidn4 for more details on the compression method.

Secondary Diffuse Interre ections

For the energy exchange in secondary light bounces, two copies of the CRC volume are maintained. In
contrast to the Radiance Hints method, where radiance eld was evaluated in void space, in CRC we only
consider energy exchange among mutually visible, occupied cells. For each occupied caghmgell

rays are marched around the locatiorcain the geometry volume. Once an intersection is found, the
radiance from the hit cache point in the input CRC volume is sampled and accumulated along with the
radiance eld of the previous bounce in the output volume. For subsequent bounces, the roles of the input
and output cache volumes are interchanged and the process is repeated.

Temporal Blending

For dynamic scenes, where the light sources and the geometry can change arbitrarily, ickering of the
reconstructed irradiance may occur, which is a defect common to both radiance caching and instant
radiosity approaches. To remedy this, a third volume is used, which, similar to the method by Kaplanyan
et al. KED11], contains the exponential moving average of the SH coef cients between the previous
frame and the current one.
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Irradiance Reconstruction and Decompression

The surface irradiance at the visible fragments is reconstructed similarly to the Radiance Hints method.
However, since the radiance eld is stored in YCoCg space, a nal step is required to convert the irradiance
back to the linear RGB space. To avoid interference of cache locations behind the shaded point for thin
structures, all samples are shifted by half a voxel in the direction of the surface normal. This, along with
the requirement that interpolated radiance coef cients must not be affected by unoccupied cells, are the
reasons for the dilation of the occupancy volume by one voxel.

5.4 Radiance Field Compression

An RGB triplet can be decomposed into a luminance component and two chrominance (orange and green)
offsets using the YCoCg transform (see also the discussion in S&cHopn

Y =0:25 R+0:5 G+0:25 B;
Co=0:5 R 05 B; (5.6)
Cg= 025 R+0:55 G 025 B;

The lower sensitivity of the human visual system to tonal variations as compared to the luminance
gradients is exploited in many compression algorithms for spatially-varying color data. We claim that for
typical environments spatial variations of luminance are dominant over chrominance ones. We exploit the
fact that the projection of spatial light variations (RSM samples) on the unit sphere remain coherent. This
means that chrominance at cache points can be suf ciently approximated by a truncated series of spherical
harmonics or other spherical domain basis functionlswer order than the luminancé\s demonstrated

by our diverse examples shown in all Figures, this assumption holds for most typical environments and
lighting conditions (see discussion about quality in SecEoi.

To this end, in CRC, before accumulating the incoming radiance at a cache point, the radiometric RGB
values are converted to the YCoCg space. Then, the luminance and chrominance components are projected
to the spherical harmonics basis using different orders. Due to the linear form of the transformation, all
radiance accumulation and interpolation calculations still hold in the YCoCg space. During the irradiance
reconstruction step, the irradiance is converted back to to linear RGB values and used for any shading
calculations.

Converting the radiance values to YCoCg space and encoding the color offset components in a lower
order can drop the number of coef cients down to 17 or even 11 fo, with negligible or acceptable
visual quality loss, respectively. We project the luminance in the 3rd order spherical harmonics basis and
the two chrominance offsets in either 1st, 2nd or 3rd order spherical harmonics, depending on a quality
setting (see Figurg.4). The reduction of SH coef cients directly affects the number of volume textures
to store them. Compressing the chrominance to spherical harmonick withandl = 0 reduces the
number of volume textures (rendering targets) to 5 and 3 respectively and has a direct performance bene t.

Specular events require much higher order spherical or hemi-spherical harmonics to be approximated
in a suf cient manner. Therefore, we were not able to accommodate the required coef cients in the
graphics pipeline implementation of our radiance caching scheme.

A handy consequence of using radiance expressed in the YCoCg space is the direct artistic control of
Gl luminance (YY) and color bleeding (CoCg) by linear scaling of the respective coef cients. These can
be adjusted either in the reconstruction stage (scale factor per polygon or global) or per cache point (via
volume- or area-based factor selection).

5.5 Geometry and Cache Occupancy Data

Our approach stores the radiance eld only near locations, where the irradiance is going to be evaluated,
by keeping track of occupancy information for each cell. This process can reduce signi cantly the number
of occupied cache points and improve the rendering times, especially in open environments. For single
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Figure 5.4: The effect of radiance eld directional compression in our real-time diffuse-only GI method;
luminance transitions are maintained, while suppressing the chrominance detail.

bounce indirect illumination, the cache points are further reduced to only those that are visible to the
camera. Also, having this occupancy information available, allows us to reuse it for view-independent
indirect visibility tests for an arbitrary number of bounces, highly improving the visual quality of the
result.

Initially, the scene is voxelized in a higher resolution volume,geemetrwolume. This resolution
is four-times the CRC resolution. In a second step, the geometry volume is downsampled to create the
occupancyolume, which determines thaetivecache points, using the same resolution as the CRC grid.
To avoid any interpolation artifacts in the irradiance reconstruction step due to incorrect sampling of
unoccupied cells, the set of occupied cells is further dilated by one voxel.

Geometry Volume

The geometry volume is generated by a three-way variation of the binary voxelization proposed by
Eisemann et al.§D0g); the geometry is orthographically rasterized in a single pass along the three
world-space axes of the CRC volume bounding box and each view is encoded separately as a bit-plane
image layer. A geometry shader selectively routes each polygon to the dominant rasterization axis layer
according to its normal vector. The partial and potentially sparsely-sampled results are subsequently
merged to form a single complete volume.

Our current implementation uses a single 128bit buffer, allowing a maximum resolutit2sbf
voxels. Higher resolutions are of course achievable with a multiple rendering target binary voxelization.
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Volume-based Occupancy

The occupancy volume, i.e., the mask of occupied CRC cells, is bit-encoded in a two-dimensional texture,
similar to the geometry volume. It is simply a downscaled version of the geometry volume and is
produced by generating 2 additional mipmap levels of the latter, using the maximum (OR) operator in
a low-cost additional pass. Since the maximum resolution of the geometry texture is 128 in the current
implementation, the maximum CRC volume resolution is restricted to 32.

During CRC occupancy checks in the radiance caching and secondary bounce steps, the occupancy
volume is consideredilated by one voxel. For this reason, after the initial occupancy volume is generated,
a fast dilation pass also marks a cell as occupied, if any of its 26 neighbors is also occupied. Since the
volume is encoded as a binary mask image, only 9 coherent texture fetches per cell are required in total.
An example of the occupancy volume is shown in Figbu®

Depth-based Occupancy

When only one bounce of indirect illumination is estimated, there is no need to cache the radiance
eld near invisible geometry, since this is never going to be exploited in any irradiance reconstruction
calculation. Therefore, we can further optimize the occupancy of the cache points by marking as occupied
only those CRC cells that are visible to the camera.

To achieve this, instead of extracting the occupancy from the geometry volume, we inject the camera
depth buffer fragments in the occupancy volume using a xed horizontal and vertical stritipis
separate bit mask texture, tbepth occupancy volumis used instead of the full occupancy volume to
determine which cache points must be evaluated.

The occupied cache points in the depth occupancy volume can be signi cantly fewer than those of the
geometry-based one (typical cache point reduction up to 90%), resulting in a sizeable speed-up of the
radiance cache population.

An example of this is illustrated in Figufe6. The depth occupancy is tracked along a certain path as
the user navigates from a high-coverage part of the scene (bottom left - similar view to the canyon scene
in Figure5.9), marked ap1, towards the robot model at the top right, markegBsAs the view closes
in on p5, the number of occupied cells is reduced, with a respective drop of the cache generation time. In
the current scene, the caching requires 0.54ms at the start of the path with 40% occupancy and it gradually
drops to 0.37ms for a 5% occupancy ratio. It should be noted that 0.3ms is a lower limit for this step in
our implementation due to the rasterization overhead and the required state changes.

Note that using the camera-based injected points introduces no view-dependent artifacts, since the
state of marginally invisible voxels or even voxels missed by the injection is also agged as "occupied"
due to the occupancy dilation.

5.6 Visible Sample Determination

In the RSM sampling pass ( rst light bounce), visibiliy(x; Pk) is determined between the RSM
samplex, and the CRC cell sampléy by ray marching in the geometry volume along the segment
P! Xxk.We offset the start and end position to avoid incorrect self-occlusion checks, and sample the
segment sparsely, using a nite number of jittered locations.

In contrast to the Radiance Hints method, for the secondary light bounces, ray marching from the
gathering location is used to determine the nearest visible point. Since the contribution of secondary
light bounces is less perceptually signi cant compared to the rst bounce, a smaller number of per ray
samples is devoted to them. The rst bounce uses 8-12 ray samples, while for the secondary bounces, 4-6
samples suf ce. A downside of using sparse ray marching is that intersections may be missed. However,
the impact of occasionally missed secondary occlusion in typical environments is hardly objectionable
and does not justify the computational penalty introduced by increasing the ( xed) number of samples or
dynamically determining the samples per ray.
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Figure 5.5: Left: A typical scene without the cache point optimization. Right: Employing the occupancy
volume can signi cantly reduce the total number of cache points required (40% in this case).

Figure 5.6: Depth Occupancy volume behavior on the canyon scene. As the user moves from p1 towards
p5, a gradually smaller portion of the scene is visible. This reduces the number of occupied voxels,
resulting in a smaller occupancy ratio and computation time.

Since diffuse indirect illumination is mainly of low frequency and accurate visibility calculations
are not necessary(i+09], the granularity offered by the geometry volume is usually suf cient (see
Figure5.7). For (near- eld) contact shadows, we employ ambient occlusion in some of the example
scenes.

We also experimented with hierarchical empty space skipping using the already available geometry
volume mipmaps. However, since ray marching always begins at an occupied high-level cell, there is no
safe way to make the rst leap without losing intersections. Furthermore, any hierarchical traversal would
lead to unbalanced thread execution.

5.7 Experimental Study

Our method is able to provide signi cant performance improvements in arbitrarily complex environments.
In this study, we begin with a description of our experiments setup and a discussion on the provided
supplemental material of this chapter, in Sectiéris1and5.7.2 respectively. We continue with a
thorough qualitative evaluation of CRC, in Sect®i.3 where we discuss the quality of our compression
scheme, the importance of view-independent indirect shadowing and also report on failure cases. Finally,
a performance analysis is presented, where we report on the ef ciency of CRC with respect to the
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Figure 5.7: lllustration of the indirect occlusion in 1- and 2 bounce indirect illumination.

chrominance compression as well as to our optimized positioning scheme, in Seétibn

5.7.1 Experiments Setup

We tested our approach on an NVIDIA GTX 670 GPU on various scenes of varying geometric complexity,
volume coverage and dimensions. Apart from example scenes with full CRC volume coverage, we have
also performed testing for expansive environments, where building an all-encompassing CRC volume is
impractical. Instead, Gl is restricted to an axis-aligned moving volume centered at the user. The extents of
the volume are updated in voxel-sized increments as the user explores the environment. At the extents of
the boundaries of the volume, indirect lighting is blended with a constant ambient color. Alternatively, a
cascaded approach can be utilized.

5.7.2 Supplemental Material

We provide as supplemental material a complete working demo containing the shader source code of our
entire pipeline as well as a video that showcases the bene ts of our real-time global illumination method
in various environments.

5.7.3 Quality Evaluation

We evaluate the quality of the compressed-chrominance radiance eld by both visual inspection and two
metrics: the RMS error in the CIE Lab space and the PerceptualDiff m&tK0o4] with respect to the
uncompressed linear space RGB values. PerceptualDiff measures the percentage of different pixels from
the reference image. Both measurements are shown in the RMSE and the pdiff rows ib.Table

Order 2 spherical harmonics for the CoCg channel works remarkably well even in extreme lighting
conditions, such as the one presented in FigueKeeping only the constant term for the CoCg-(0)
results in no noticeable color shifting of the Gl in the majority of the scenes and lighting conditions (see
Figure5.9), while the rendering times are decreased by 28-44%.
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Figure 5.8: Radiance eld compression. An extreme case of a red and green spotlight illuminating the
scene in opposite directions. From left to right, top to bottom: linear RGB space (reference), YCoCg
space with no SH order reduction, 2nd and 1st order (constant) SH chrominance. The subscripts denote
the SH order.

Figure 5.9: Screenshots on several scenes. Left: (1 bounce) Canyon, Ruins, Barn. Right: (2 bounces)
Factory, Levell, Temples (moving volume). The radiance eld is compressed usiivg@e Cg; setting
for all scenes.

Corner cases, where the tonal variations in the original signal are of higher frequency, may arise. In
these situations, chrominance cannot be ef ciently reconstructed especially in the Y3Co1Cg1 compression,
where the chrominance components are represented by a constant color. These are manifested either
as desaturation of the light eld at the problematic cache cells or the predominance of the strongest
chrominance value of the incident radiance. The former is shown in Fig8revhere two lights sources
illuminating the scene in opposite directions. Chrominance is neutralized at cache points in the middle
of the room as they gather incident radiance of a different color from opposite directions. The color
predominance can be observed in FigbrgQ In the bottom row, where the light eld consists of
orthogonal hues from different directions, notice the prevailing orange tint on the nearest columns and
arches (indicated by the red arrows) and the color desaturation on the ceiling¥a®logeCg; inset.
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Figure 5.10: Perceptual evaluation of chrominance directionality in variable Gl conditions. Percentages
indicate the RMS error compared to the uncompressed light eld. Light is re ected off the oor (top:
grey, bottom: sienna) and enters the building as well, re ected off grass and stone. The red and orange
arrows denote the observed orange color predominance due to radiance averaging and color desaturation
respectively.

Figure 5.11: Comparison of similar budget radiance eld encodings indicates more severe errors when
luminance and chrominance are equally but inadequately represented.

Conversely, in the top row, where the re ected light from the oor is consistent with the rest of the
environment, no visible change can be detected. A similar case can be observed on the right inset of
Figure5.8 along the protrusions of the side walls where the directionality of the green and red indirect
diffuse color is lost. A higher volume resolution would mitigate the issue, but not remedy it.

For the same memory (and bandwidth) budget, we favor an unbalanced luminance/chrominance
representation3Co1Cgs - 11 coef cients) over a balanced oné{Co,Cg, or R,G»B> - 12 coef cients).
In most scenes, such as the one in Fidgudel, the error introduced by the 2nd order spherical harmonics
in the luminance transitions exceeds the over/under saturation caused by the constant chrominance term
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Figure 5.12: Cumulative Gl timings with 2 light bounces for the hillside scene (also shown in Bighre
with respect to the CRC volume size. 100 RSM samples were used for one light source.

of theY3Co01Cg; encoding. Furthermore, the desaturation effect is not usually objectionable or even
noticeable, while the over-saturation can be easily treated by scaling down the CoCg coef cients during
irradiance reconstruction. Most importantly, on the other hand, problems in excessive smoothing of
illumination or leaking caused by the 2nd order luminance SH representation cannot be remedied.

5.7.4 Performance Evaluation

Cumulative timings of the pipeline stages are presented in Figaefor the "hillside" scene of Figurg.1

(right), a moderately populated outdoor environment. The maximum coverage of the scene by cache
points is also shown above the timings. The factors that in uence the performance of all stages except
from the irradiance reconstruction, are the total number of RSM samples, the CRC volume resolution
(which consequently affects the number of occupied cells) and the number of secondary interre ections.
The irradiance reconstruction is only affected by the frame buffer size. All measurements regarding this
stage are per MPixel and the rendering time scales linearly with the Gl buffer size.

The cost of the occupancy and blending stages depends on the total number of voxels, but is signi -
cantly lower than that of the other stages (approx. 0.1ms each). The mipmap generation for the Occupancy
Volume and volume injection for the Depth Occupancy volume have a very small cost. The rst depends
on the CRC resolution, but is relatively constant (0.11ms) and the second depends on the size of the frame
buffer (usually between 0.47-0.85ms for str&le 10 and a frame buffer of 1MPixel). It is important
to note that the performance bene t of the occupancy optimization has a non-linear relationship to the
actual occupancy. This is an expected behavior, since during the caching stage, the unoccupied voxels are
skipped using a simple discard statement. If one of the voxels that belong to the same warp is agged
as occupied, the performance increase will be zero. As a result, the occupancy optimization does not
perform as well for densely occupied volumes. In our tests, the highest performance gain was 100% in the
caching stage. This was reported for occupancy ratios lower than 30%. On the other hand, only a 2 - 10%
gain was measured for occupancy ratios higher that 50%.

The performance of our method for some of the scenes of Figris listed in Table5.1. The
voxelization times are given separately, since alternative methods can be used instead. The unoptimized
Gl time corresponds to no occupancy volume generation (all cells are considered occupied by default)
and no radiance eld compression. It essentially represents the performance of the original RH method
under the current implementation. The other two timings show the rendering time as the occupancy
optimization and radiance eld compression are enabled and stacked. The Occupancy volume used for
1-bounce indirect illumination is the Depth Occupancy volume, which means that the timings represent
the exact viewing position of Figui®9. In the case of 1-bounce indirect illumination, the overall speed
improvement ranges from 29% to 58%, depending on the visible geometry in the camera frustum. In the
case of multi-bounce illumination the overall gain is smaller, due to the fact that CRC cells are agged as
occupied regardless of their visibility. Note that we stress our tests by completely rebuilding the volumes
per frame. A more realistic scenario would include action-triggered updates or amortized voxelization
and occupancy data generation and dilation, spreading the cost of these passes to 5 or more frames.
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Table 5.1: Performance results on some scenes of Figar&slobal illumination frame buffer size is

1MP and the timings are measured on an NVIDIA GTX 670. The scenes with one indirect bounce use the
Depth Occupancy Volume, so the occupancy ratio (occupied voxels / total voxels) represents the occupied
voxels from the current view instead of the whole volume. Note: The unoptimized time represents the

performance of the original RH method under the current implementation.

Scene (indirect bounces) Canyon (1)| Barn (1) | Levell (2) | Temples (2)
Polygon Count / Lights 412k /1 | 230k/2| 50k/2 1.56M /2
Voxelization (ms) 1.44 0.87 0.26 4.96
Res / RSM Samples 16/100 | 24/200| 24/150 32/100
Volume Generation (ms) 0.73 0.47 0.12 0.12
Occupancy Ratio 24.13% | 42.72% | 49.65% 72.67%
Unoptimized Gl time (ms? | 224 33 4.33 288
(Occupancy & compression disabled)

Occupancy Enabled (ms) 1.65 3.12 4.25 2.65

Y 3C02Cgz (MS) 1.52 2.62 3.61 2.10

Y 3C0:Cg; (Ms) 1.42 2.61 3.10 1.97

Total speed improvement
(over unoptimized time)

57.75% | 26.44% | 39.68% 46.19%

Y3C03ng VS Y3C01C91
RMSE 0.45 0.25 0.45 0.54
pdiff 0.03% 0.32% 0.07% 0.80%

5.8 Conclusions and Future Research Directions

In this chapter we have presented a real-time radiance caching scheme for diffuse global illumination
based on the idea of chrominance compression in the spherical domain. The proposed reduction in SH
coef cients and the respective number of texture fetches are further complemented by an optimization of
the cache point generation in dynamic scenes. Our method is fast, can handle fully dynamic and large
environments, requires no precomputations, has no view dependencies and is thus aimed at real-time
applications. It is worth noting that even though the proposed radiance eld compression and cache
population schemes were demonstrated on real-time rendering, they are considered generic strategies and
thus, can be applied to any other interactive or of ine systems.

The proposed work has opened several interesting future research directions. First and foremost, we
can investigate the applicability of radial luminance/chrominance compression to other spherical basis
functions. Such an investigation would most likely allow the extension of the current compression scheme
to incorporate higher frequency effects, such as glossy re ections. Second, the compression scheme is
currently xed; chrominance is always downsampled. As demonstrated, there are cases that this can lead
to low compression quality in environments where color variation is dominant. There, a more generic
scheme can be incorporated, which adaptively reduces the required components. Finally, it would be
interesting to investigate whether a light transport method including participating media can bene t from
the cache population scheme.
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Chapter 6

A Multiview and Multilayer Approach for
Interactive Ray Tracing

Figure 6.1: Our multiview-layered approach produces visually convincing path tracing and ambient
occlusion results in complex and dynamic environments, where both near and distant information as well
as off-screen geometry is properly captured.

This chapter introduces a generic method for interactive ray tracing, able to support complex and dynamic
environments, without the need for precomputations or the maintenance of additional spatial data structures.
Our method, which relies entirely on the rasterization pipeline, stores fragment information for the entire
scene on a multiview and multilayer structure and marches through depth layers to capture both near and
distant information for illumination computations. Ray tracing is ef ciently achieved by concurrently
traversing a novel cube-mapped A-buffer variant in image space that exploits GPU-accelerated double
linked lists, decoupled storage, uniform depth subdivision and empty space skipping on a per-fragment
basis. We illustrate the effectiveness and quality of our approach on path tracing and ambient occlusion
implementations in scenarios, where full scene coverage is of major importance. Finally, we report on the
performance and memory usage of our pipeline and compare it against GPGPU ray tracing approaches.
This chapter is organized as follows: Sectf discusses the problem in image- and voxel-based
ray tracing methods and our contribution. Sectiohdescribes our cubemap A-buffer architecture and
generalizes ray tracing in a multilayer and multiview pipeline. Sedi@meports on the ef ciency and
robustness of our method by providing visual results on several global illumination effects as well as a
comprehensive analysis and comparison between different multifragment methods and, nally, Géction
offers conclusions and discusses future research directions.
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6.1 Overview and Problem Description

The estimation of global illumination via ray tracing methods is a heavy computational process that
requires accurate ray-object intersections for a massive number of rays that propagate through the virtual
environment. As already discussed in the previous chapters, common CPU and GPGPU ray tracing
methods require the construction and maintenance of acceleration data structures in order to achieve
interactive framerates, a strategy still not suited for fully dynamic environments, where even the entire
scene can potentially change in every frame.

Alternatively, rasterization-based methods, which commonly operate either in image-space or volu-
metric data, can elegantly support dynamic environments. However, image-based methods are prone to
view-dependent artifacts due to the missing information inside and outside the viewing frustum, leading to
signi cant energy loss. Anillustrative example is shown in FigGr&a). Front-facing surface information
present in the depth buffer and its back-facing or subsequent layers can be ef ciently retrieved using
single layer (green sides) and multilayer (blue sides) methods respectively. However, surfaces outside the
primary view (red sides) are missed.

Conversely, volume-based methods provide a view-independent representation of a bounded volume
within the environment and make the assumption that a voxel uniformly represents a neighborhood of
geometric elements and corresponding light interactions, limiting the detail of the stored information. As
a result, energy exchange is approximate and contact details as well as small-scale surface information
cannot be accurately captured (see Figugg)), thus limiting the frequency of the properly reproduced
phenomena.

A recent category of hybrid techniques attempt to bridge the gap between rasterization-based and
ray-tracing approaches (see Sect®oR.4. They can provide ef cient results but require multiple data
representations and are limited either to tightly bounded scenes or in the type of effects they are able to
reproduce.

Our Contribution

In this work, we propose an image-space ray-tracing method that effectively combines the representation
completeness encountered in voxel-based approaches with the detailed capture of geometric information
of image-space methods, for interactively approximating global illumination phenomena of fully dynamic
environments. We perform multifragment rendering in a cubemap con guration in order to ef ciently
store geometric information in high-detail for the entire scene. This way, view-dependent errors are
reduced signi cantly. Near and distant geometric information is captured by adapting screen-space ray
tracing MM14] on a multiview and multilayered scheme. By moving the computational overhead of a
global acceleration structure to a per-fragment basis and relying entirely on the rasterization pipeline,
which GPUs are highly optimized for, we are able to ef ciently render arbitdgryamicenvironments of

any complexity. Furthermore, the realization can bene t from features such as multisample antialiasing,
tessellation, displacement, instancing and primitive deformation.

To this end, we introduce a novel A-buffer that exploits bucketed double-linked lists with decoupled
storage. This structure provides fast layer sorting, ef cient bi-directional list traversal (with respect to the
camera) and empty-space skipping. Since our method is generic, any multifragment variant can be used
as a trade-off between performance and memory consumption, as demonstrated by our comprehensive
measurements using several common A-buffer variants. Finally, a performance and quality evaluation is
provided on path tracing and ambient occlusion implementations in a collection of complex environments
demonstrating that our approach is highly suitable for rendering dynamic scenes at interactive rates and
fast previewing of a scene during editing.

To summarize, the main contributions of this work are:

« A generic multilayer approach for image-space ray tracing, based on a cubemapped representation
of the entire scene that lifts many of the restrictions of previous approaches.
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Figure 6.2: View-dependency problems manifest from missing geometric information inside and outside
the viewing frustum in image-based methods (a), while a coarse scene approximation limits the quality of
information that can be stored in voxel-based ones (b).

» An A-buffer method exploitinglecoupledstorage andlouble linked listgor fast construction and
ef cient bi-directional ray traversal suitable for a large number of layers. Per-fragemepty space
skippingis achieved by arranging the fragments into uniformly divided depth-based buckets.

« An extensive evaluation study providing performance and memory analysis of the most popular
A-buffer variants with respect to tracing arbitrary pixel locations on complex environments.

6.2 Method Description

Our algorithm operates in three main steps, as illustrated in Fig@relnitially, we create6 views,
aside from the primary view frustum, using the center of projection of the latter. The near and far planes
of each of the 6 view frusta are shifted to ensure full coverage of the entire scene (see &&ction
and Figure6.4). Then, generated fragments for each one of the views are subsequently captured via
multifragment rendering. Instead of utilizing one of the widely accepted multifragment alternatives, we
introduce a new A-buffer structure that aims at maximizing the ef ciency of the performance-critical
ray tracing stage at the expense of extra memory allocation (Seétidra). In the nal step, our
layered multiview structure is exploited to perform accelerated computations on tracing applications
by ray marching in screen-space increments and switching between different viewports, when required
(Section6.2.3. Ray fragment intersections are computed by keeping track of the ray's eye-space Z entry
and exit values at each marching step and checking whether the stored fragments are within this range.
Regarding the per-pixel fragment storage, we evolved the bucketed linked-list A-Biff&B][to
increase the queries performance in the speci ¢ case of the ray marching paradigm: (i) An adaptive scheme
is explored, where all buckets can handle an arbitrary number of rasterized fragments, avoiding potentially
large and unused preallocated storage. (ii) A double linked-list is constructed for fast bi-directional list
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Figure 6.3: Diagram of our ray-tracing pipeline. Camera view and cubemap con guration (left). Construc-
tion of our novel A-buffer. For each pixel of every view, depth min/max bounds are computed, geometry
is rasterized, uniformly subdivided, stored in decoupled fashion and nally sorted (middle). Views of the
A-buffer cubemap are potentially traced for the production of global illumination effects (right).
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traversal. In a generic ray tracing setup, the A-buffer is traversed in any order, according to the direction
of the rays. The bene ts of this modi cation are especially noticeable in scenes of high depth complexity.
(iii) Fragments are assigned in buckets in linear instead of post-projective space. This way, overloading the
last few buckets is avoided, a common occurrence due to the perspective projection for large far-over-near
ratios. (iv) Depth and shading per-fragment data are stored separately in order to improve both fragment
sorting and traversal by signi cantly reducing the latency of global GPU memory. Note that employing a
bucketed scheme provides huge ray traversal bene ts by performing ef cient empty space skipping at
arbitrary pixel locations.

6.2.1 Cubemap Con guration

The rst one,vg, corresponds to the typical camera view with all its associated parameters, such as the
eld of view (FOV), near/far planes and resolution. Usually, the latter one is set to the frame buffer
resolution.

at the camera position withOV = 90° and square dimensions. This cubemap con guration is simple
to implement and results in an overall acceptable distortion. In order to cover the entire scene, the far
clipping planes are adjusted to the corresponding extent of the scene's bounding box (left ir6Hgure

To cover the clipped volume behind the near planes of the frusta, each cubemap frustum center
of projection is slightly shifted backwards according to the near clipping distance. This creates some
frustum overlap, but considering typical near clipping plane distances, this results in negligible redundancy.
Figure6.4 (right) demonstrates this modi cation, where the near plane distances are deliberately set far
enough for illustration purposes.

The main advantage of keeping the camera view, at the cost of the extra memory required, is that
it disassociates the user's FOV from those of the cubemap faces. Thus, the direct lighting pass can be
ef ciently executed without casting extra rays between the camera position and the rst hit location
(unless anti-aliasing or depth of eld effects are explored). Furthermore, it allows a downgrade of the
cubemap resolution, independent of the geometry captured in the primary buffer, for performance or
memory savings.

6.2.2 A-buffer Structure

Once the view information has been generated, our A-buffer structure is constructed in three stages:
Initially, we divide the depth range of each pixelof each viewy;) into B uniformly consecutive

concurrently store each one of the per-pixel fragments in its bucket by exploring a layered and decoupled
data representation that connects nodes via GPU-accelerated double linkestidistsidge). A nal step

sorts fragments by their depth and assigns the appropriate pointers to the correct fragmerrenatkss (
stage).

Data Structures

Our approach initially require3 + 2B textures 82-bit unsigned integers) for each view. These include
(i) a depth boundsgexture responsible for storing the min/max depth valags (p); Zmax (p)] of pixel

between each view's buckets. To avoid traversal performance bottlenecks that arise from GPU memory
latency, fragment attributes are stored in two separate buffer objectb, lamffer whose nodes are
connected via double linked lists, andata buffer(see Figures.3). Each node of the ID buffer contains

(i) a 32-bit oating pointeye space Xalue (the essential attribute for depth-ordering) and (ii) two 32-bit
unsigned integers for theexi{prevpointers between nodes. The index of each ID node servebras a
mapping the corresponding fragment to its shading data node. The remaining attributes required for
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Figure 6.4: Our 7-view camera setup (5 are illustrated for clarity). The clipped volume bounded by the
near clip planes (left) is eliminated by offsetting each frustum backwards (right).

shading computations (which depends on the application) are stored in each data node and are read when
aray hit has been identi ed. Each node (from both buffers) is placed in the next available memory address
location according to a single specialized atomic counter (instead of using one counter per\BatiEpt [
resulting in an adaptive memory-friendly fragment storage scheme.

Depth Bounds Stage

Initially, the depth bounds texture is cleared and a quick rendering pass over the geometry is performed
by setting depth testing off. This can either be a simpli ed but accurate depth-only pass over the actual
geometry or an approximate and faster pass, where each object is replaced by its bounding box. During
the rendering pass, each fragment assigns its eye-space Z value to the depth bounds texture using atomic
min and max operations.

Store Stage

A full geometry pass is performed at this stage in order to capture all rasterized fragment information in
an unsorted sequence. To avoid executing different geometry passes for each view, the geometry shader is

corresponding bucket by checking the pixel's depth range with the fragment's interpolated eye space Z
valuezy such ad(fx) = bB (zx  Zmin (P))=(Zmax(P)  Zmin (p))C. The storage location in both ID

and Data buffers is pointed by atomically incrementingribgtcounter. An atomic exchange operation

sets the next pointer of the ID node to the head pointer, which is afterwards replaced by the current ID
node address. Finally, the Data node is lled with the fragment shading information. At this stage, no
previous node or tail pointers are assigned since they will be set after correcting depth order at the reorder
stage. The head and tail textures as well as the next counter have been initially cleared to zero values.

Reorder Stage

Finally, a full-screen quad rendering pass is initiated, reordering the ID nodes for each bucket via insertion
or shell sort. Then, the corrected next/head pointers as well as the newly assigned previous node/tail
pointers are set for each fragment/pixel respectively.

6.2.3 Ray Tracing
Image-space Ray Tracing

Once the multilayer cubemap construction has been completed, arbitrary ray tracing is performed in a
manner similar to theingle view2D DDA algorithm which iteratively samples pixel locations until a
ray-fragment collision is detecte®M14]. In that work, given a ray in 3D space with starting position

X and directiord,, the ray's end point for the current vieyy is computed by clipping the ray against

the viewing frustum. Then, the start and end pixel locatigns/, are computed by projecting, yr
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Figure 6.5: Different ray-bucket (top) and ray-fragment (bottom) hit cases. Rays passing outside the
pixel/bucket boundaries can ef ciently skip fragment traversgl (4=rp,; r¢). Rays crossing multiple
fragmentsi(»; r4) use their direction to determine the hit.

to screen space, respectively. For each sampled pixel location on the s&gm@nhe corresponding
eye-space Z coordinatesin (r); zmax (r) of the intersection of the ray segment with the pixel boundaries
are computed and a hit is found when the Z coordinate of the closest fragment in eye space for this pixel
is in the ranggzmin (r); Zmax (1)) .

It should be noted that for performance reasons, a predetermined number of ray marching steps can be
used instead of exhaustively visiting consecutive pixels. In this case, samples are jittered using a xed
offset per ray. Alternatively, a hierarchical approach can be explored indtéaty].

For multiple layers (limited tal in the original paper), a sequential front-to-back traversal of the
fragment list is performed. However, that algorithm does not always exhibit error-free behavior, as the
correct hit does not depend only on the ray extents but also on the ray's Z direction (e.g,imay
Figure6.5). Returning the correct hit is crucial for illumination computations as these fragments may
belong to entirely different surfaces.

To correctly handle fragment lists of any length, arbitrary ray traversals and multiple views, in this
work we augment and revise screen-space ray tracing, as explained below. Furthermore, decoupled storage
and empty space skipping optimizations are employed in order to alleviate the performance bottlenecks
that arise from the different ray-fragment collision tests.

Single-view Ray Tracing

Figure6.5illustrates the ve different ray-fragment hit cases that arise; a ray may pass outside pixel depth
boundaries in either sided; rq), it may cross oner¢) or more () buckets, having zera £), one ¢1)
or multiple fragment hitsr(; r4). We identify two cases where we can reduce ray-fragment intersection
tests; for rays that do not cross any fragment since they reside outside pixel depth boungarig¢swe
can perform ararly skip Secondly, for rays that do not cross the entire pixel depth range but intersect
only a bucket subset; r¢), we can perfornfragment bucket skipping

The fragment intersection algorithm consists of three steps: Initially, we discard rays that reside
outside the pixel's depth boundaries by performing a fast interval comparison, where the ray's min/max Z
values are tested against the pixel's max/min depth boungds:(r)  Zmin (P) OF Zmin () > Z max (P)
(step a). If the ray is not culled, we compute which bucket(s) it intersects in constant time (step b). Finally,
we linearly iterate through all fragments in each intersected bucket and check which fragments are within
the ray interval. Rays that move towards the near plane are checked in back-to-front order (through the
previous node pointer), while rays towards the far plane are checked in the opposite order (via the next
node pointer) (step c). In case of multiple hits, the returned fragment is the rst one encountered based on
the direction of list traversal, given by the sign of the Z ray direction.
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Switching between Different Views

In a single view approach, no valid hit is detected if the ray exits the frustum boundaries. In a connected
multiple view setting, rays must switch frusta as they cross their boundaries until the far clipping plane of
one of them is encountered. A brute-force approach would iterate through all frusta in order to nd the
next view the ray traverses. However, this simple approach suffers from two limitations. First, as clipping
occurs within half-pixel intervals, the ray might not entirely exit the current frustum. This is resolved
by snapping the ray to the outside of the viewport by a small offset. Second, if the ray exits through
any frustum side (except the near clipping plane), the next view is well-determined and no iteration is
required (e.g., exiting the bottom view via the bottom plane switches the ray traversal to the back view). In
that case, we switch between views in constant time by keeping viewport edge connectivity information.
However, in the very infrequent case of the ray exiting the near plane, an iteration through all frusta cannot
be avoided. A multiview tracing example is illustrated in Fig@ré

Figure 6.6: Ray tracing example on the Sponza scene. Left: Overview of the multiview frusta. Right:
Screen-space ray traversal. The ray, shown in white color, starts on the main view, continues to the front
cubemap face and nally nds a hit in the left frustum.

6.3 Experimental Study

We have implemented our approach entirely on the OpenGL rasterization pipeline, which is compatible
with common graphics engines. Our experiments setup, as well as the provided supplemental material
of this chapter, are described in Secti@n3.1and6.3.2 respectively. Typical illumination algorithms

that rely on ray tracing and use information of the entire scene can bene t from our approach. Instead of
providing results on isolated global illuminated effects, such as re ections, refraction, etc., we demonstrate
our method on a full path tracing implementation as well and as ambient occlusion, in S&&ti®n

An experimental analysis of our method against general purpose GPU ray tracing implementations is
provided, both in terms of quality and performance, in Seddi@¥ We also compare our specialized
multifragment structure against prior A-buffer variants in terms of performance and memory usage for
ray-fragment collision queries involving arbitrary pixel fragments, in Sedi8rb To our knowledge,

such a test has not been conducted so far on a multilayer method.

6.3.1 Experiments Setup

We evaluated our method with respect to performance and quality on a variety of testing scenarios. These
include environments containing static geometry as well as rigid and deformable mesh animations. The
images were rendered at a resolutiory20 480for the main view and80 for the cubemap faces on a
Geforce GTX 780 Ti. For the stills shown, the number of samples (paths) per pixel wa86tzt0d

the number of sampling locations for each ray (ray marching steps) wask#fior each view, unless

speci ed otherwise. This testing con guration was chosen in order to keep the rendering times as close
to the real-time domain as possible. Note that all timings include the direct lighting calculations, which
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come at a minimal cost due to rasterization. The number of buckets was X@d+td , which provided a
good balance between performance and memory consumption.

6.3.2 Supplemental Material

We provide as supplemental material: (i) the shader source code for the construction of our multiview
A-buffer with the path tracing and ambient occlusion implementations, (i) the single view construction of
the A-buffer variants shown in Figu&12 and (iii) a video that showcases the bene ts of our approach

in various environments.

6.3.3 Applications
Path Tracing

A complete path tracing algorithm for fully dynamic environments can be easily implemented using
our approach. All fragment data needed for shading are stored in the Data buffer. Therefore, material
information such as normals, surface roughness, re ectivity and index of refraction are only involved and
accessed during shading, without causing a bottleneck in the A-buffer construction and tracing apart. We
trace a single ray per pixel using BSDF importance sampling, starting from the nearest visible fragment
and trace one additional ray per light bounce to form a path. Since tracing shadow rays comes at the
same cost as tracing path segments, we rely on the shadow maps instead. Multiple samples per pixel are
accumulated as separate passes, progressively or at a xed rate. The current number of samples is stored
in the alpha channel of the output frame buffer so that adaptive sampling can be easily performed for each
pixel individually.

Ambient Occlusion

Implementing ambient occlusion is a straightforward simpli cation of the path tracing mechanism. For
each surface, we send ray samples around the hemisphere of directions and use our tracing method to
identify a hit. Again, multiple visibility samples are gathered with multiple one-ray passes. The only
change relative to the multiview construction is the information stored in the Data buffer, which requires
only the normal vectors. It should be noted that since the shading information stored is minimal, a
decoupled representation has a much smaller performance bene t compared to path tracing.

6.3.4 Quality and Performance Analysis
Multiple Views / Multiple Layers

The visual impact of using a layered multiview representation in path tracing is shown in Figdres
and6.8 A single view and/or single layer setting can exhibit signi cant energy loss, since visually
important illumination is present only in certain views/layers. This becomes even more apparent in
scenarios where only a fraction of the scene is available in the primary view (bottom row in Bigure
Note than even using multiple views with a single depth layer may still miss important surfaces (bottom
left in Figure 6.8) since the re ected/refracted rays can hit surfaces in the deeper layers. Similarly,
Figure6.9 demonstrates AO on the Smithy model from the Blacksmith environment package of Unity
game engine. Note that geometry layers residing outside the viewport can only affect the result with our
approach (bottom right inset).
In terms of performance, we observe that applying multiple views comes at an increased cost of
3 5 on average, depending on the number of views required for each ray to hit a fragment or exit
the scene boundaries. Figu@@d Oillustrates AO and path tracing in scenes with deformable geometry,
showcasing the fact that our method is suitable for interactive preview of arbitrarily dynamic scenes.
High-quality renderingsl(00Gspp) of our method are also shown in Figér&, which demonstrate
that contact details, distant geometry and off-screen information are properly captured on a variety of
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environments. Note that while all scenes are illuminated by one point light source, the Bunny scene ( rst
image) is further lit by emissive geometry. Measurements regarding the performance and memory of
these images are shown in Tabld. The main observations are: (i) the construction times depend on the
overall complexity of the scene, (ii) the tracing performance is directly related to the ef ciency of empty
space skipping as well as the number of buckets used and (iii) the average number of layers traversed
during tracing remains relatively constant, independent of the number of indirect bounces. Regarding
the number of buckets, in complex scenes such as the Smithy model, we can further improve tracing
performance by increasirig) to 8-12, at the expense of the extra construction cost during the resolve stage
and the increased memory requirements.

Comparison with GPGPU Ray Tracing

Figure 6.11 shows a comprehensive comparison between our method and a simple but optimized
GPGPU path tracer implemented using NVIDIA OptiX ray tracing engitea+104 tested with both

SBVH [SFD09 and TRBVH [KA13] acceleration structures. Due to inconsistencies in the lighting
models between the GPGPU implementation and our method, the scenes were stripped of any textures, lit
with a single point light and shaded with a diffuse-only model.

This test is critical in demonstrating the tradeoff between ray tracing performance and acceleration
structure construction speed. Under the assumption of fully dynamic environments, the construction
process occurs in every frame buffer update. The images show that our method exhibits comparable
quality with respect to GPGPU path tracing, within the limits of the rasterization sampling rate. In

Figure 6.7: 1-indirect bounce path tracing comparison between single and multiple views on the Dead
Nature scene. The energy loss in the single view case (left) is clearly shown in both view points, but
becomes signi cant when visually important illumination comes from parts of the scene outside the
primary view (bottom). Images rendered at 17ms, 37ms (top) and 20ms, 57ms (bottom) per ray path
respectively.
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Figure 6.8: 2-indirect bounce path tracing of the Pool scene with different view/layer settings. Even though
most refracted rays can be captured with a multilayer approach, re ections require a multiview-layered
approach. Images rendered at 30ms, 58ms (top) and 110ms, 245ms (bottom) per path respectively.

terms of performance, a global acceleration structure is naturally faster with respect to tracing rays
but takes considerably longer to construct than our method, showing a clear bene t from adopting a
rasterization-based approach for applications with dynamic geometry changes (e.g., modeling software).

Table 6.1: 1- and 2- indirect bounce path tracing performance evaluation on scenes with increasing depth
complexity.

Scene Bunny | Dead Nature Pool Smithy
Memory (MB) 128 197 241 209
Fragments 2:4M 4.9M 6:6M 9:4M
Avg/max layers 2=17 3=30 4=20 6=49
Construction (ms) 4 12 9 20
1 indirect bounce tracing | AO (3m range

Avg layers/views 2=2 3=1 4=2 6=2
Empty space ef ciency | 98% 89% 44% 7%

1spp / skipping. off (ms)21=121 37=85 89=141 35=77
2 indirect bounce tracing
Avg layers/views 2=2 3=2 4=4 -
Empty space ef ciency | 98% 86% 47% -
1spp/ skipping. off (ms)54=284| 96=189 |245=372 -
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Figure 6.9: Ambient occlusion with a range of 3m on the Smithy model with different view/layer settings.
Note how the missing occlusion is recti ed by including multiple layers (right) and views (bottom).
Images rendered at 8ms, 13ms (top) and 28ms, 35ms (bottom) per ray path respectively.

Limitations

Since rasterization is based on discretized samples at speci ¢ locations, the information available is limited
by the viewport resolution and the pixel samples. Geometry parallel to the view directions is not captured,
even with the use of conservative rasterization or multisampling approaches. This leads to rays passing
between fragments of sparsely sampled triangles. An example of this can be observed i6 Bjgunere

some of the water re ection rays miss the yellow/green shades and hit the sky dome instead. The problem
of sparse rasterization of oblique geometry can be alleviated via triangle tessellation and point sampling
(e.g., as in Nalbach et alNRS14).

Furthermore, minor quality issues arise from the quantization of the geometric information and the
non-conservative DDA ray traversal algorithm. This can be mitigated by assuming that each fragment is a
frustum-shaped voxel of a certain thicknes8\J14]. However this approximation adds a relatively small
view dependency. Finally, it should be noted that while our method does not distinguish between the
type of environments compared to a global acceleration structure, our overall performance is obviously
resolution-dependent due to its sequential marching nature, increasing linearly both the memory budget
and rendering times. To improve the latter, the hierarchical-z approach to screen-space raytitatiig [
was also implemented by computing a mipmapped representation of the depth bounds texture. However,
since this method requires frequent lod changes and accurate snapping of rays at pixel boundaries, a xed
number of sparse samples is mainly preferred when speed over quality is desired.
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Figure 6.10: Interactive examples demonstrating object deformation in the Fairy Forest (top) and the
Cloth-ball (bottom) scenes dspp per frame. Average construction/tracing times per frame: 6/89ms (top)
and 3/97ms (bottom).

Sponza Ruins
Ours K%Y /E Ours K%Y /E
Construction (ms) 1spp Tracing (ms)
Scene | Ours| SBVH TRBVH Ours| SBVH | TRBVH
Sponza| 10 2183 | 148(15) 36 | 17(2:1 ) 18
Ruins 18 4103 | 1414 (78 ) 27 | 24(1:1 ) 25

Figure 6.11: 1-indirect bounce quality comparison of our method (left) with an NVIDIA Optix path
tracing implementation (right) on the Sponza (top) and Ruins (bottom) scenes at 1000spp. Our method
achieves comparable quality results with signi cantly lower construction times.

6.3.5 Analysis of Multifragment Alternatives
Performance

Figure6.12presents an extensive experimental performance evaluation of our approach (DLLB) against
competing A-buffer variants in single view con guration when moving from low-to-high depth complexity
scenes. Experimenting in multiple views proved unnecessary since the computational cost is proportional.
The average/max depth complexity of the three scen&s29, 7=26 and 16=96 respectively. We
performed20 random-access per-pixel operations by arti cially generating random rays. If a hit was
detected, the stored color value was fetched from the Data buffer. We do not include a detailed comparison
of A-buffer construction times, as a small difference between variants was observed. For a fair comparison
against our method, we implemented our decoupled scheme and empty-space skipping optimizations on
several competing A-buffer techniques, including a double linked lists A-buffer method (DLL).

While decoupling can be adopted by all cases, gaining on ava&iémproved construction times,
per-pixel fragment queries and empty-space skipping depend on each variant's memory layout. The
SB [VF12] allocates fragments using continuous memory segments and traversal can be performed
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Figure 6.12: Ray tracing performance evaluation of single view A-buffer variants with and without
decoupled shading data and empty space skipping on scenes with different fragment commBé&xidy at
resolution. Numbers in parentheses denote fragment count.

by either linear or binary search based on the number of generated fragments. Despite its logarithmic
complexity, binary search is mostly preferred ffor traversing large per-pixel fragment sequent®s (
On the other hand, linked-lists are limited to linear search but can take advantage of bucketing for fast
fragment bucket skipping. Culling outside the depth boundaries is available in all methods, except
LL [ Yan+1(Q, where the early skip on the far side is not available (e gin Figure6.5).

The results showed an average increase for each scene in the decoupled verSjdhanm/17%
respectively as well as a further increas@tf30 and210%by enabling the empty space skipping. We
can further make the following observations: (i) bucket-based methods exhibit much better performance
compared to the rest ones due to the fragment bucket skipping, (ii) bi-directional traversal in conjunction
with early space skipping outperforms all other approaches and nally (iii) the average performance
improvement is exponential with respect to fragment complexity.

Memory

Table 6.2 presents memory requirements (in bytes) for a wide range of methods that implement a
decoupled-based A-buffer behavior. We observe that SB, LL, and DLL outperform LLB and DLLB due
to their bucket-free construction nature. Note that our method requires slightly more storage perppixel

(B tail pointers) as well as per fragmemt (previous node pointer) than its predecessor, the bucketed
linked-list A-buffer (LLB) [VF13].

Table 6.2: Memory formulation of decoupled A-buffer versiongis the number of fragments per pixel,
w;, h; are the dimensions of theth view anddatas is the per-fragment size of the shading data.

Memory SB|LL | DLL | LLB DLLB
mp:8p2v; | 8 | 4 8 |8+4B | 8+8B
m; :8f 2p |l 8 | 8 12 8 12
+ sizd data;s g

~
P

Total || Powh (mp+np mp) |
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Discussion

Considering completeness, we have investigated shifting bucket boundaries in order to achieve uniform
fragment distribution inside bins. In this case, however, the ray-bucket intersection computation switches
from O(1) to O(B) resulting in a noticeable reduction of the empty space skipping ef ciency.

Regarding storage consumption, our implementation suffers from potentially large and possible wasted
memory demands due to its strategy to allocate data nodes for fragments that may not be hit. Note that
it is not mandatory to generate a complete A-buffer for the main camera view, since this information is
already present in the cubemap as well. However, since the resolution of the cubemap faces can be scaled
down, high frequency effects exploiting the high-resolution main view will not be captured in the best
possible detail.

6.4 Conclusions and Future Research Directions

In this chapter we have presented a complete multi-fragment solution for interactive fragment-based
ray tracing. Our method reduces view dependencies signi cantly as it captures information on the
entire scene without the need for additional data structures, supports large and dynamic environments
and is able to effectively capture near and distant geometry. This allows the implementation of ray
tracing-based algorithms, such as path tracing and ambient occlusion, without being restricted by any
surface type, BSDFs or to individual phenomena. A wide spectrum of testing scenarios has been explored
illustrating the high-quality images generated using this work. While our pipeline is independent of the
underlying multi-fragment technique, our analysis has demonstrated the performance superiority of our
A-buffer variant compared to prior solutions. It should be noted that while we have focused on interactive
applications, our tracing scheme is scalable; modifying the sampling step has a direct effect on the speed
over quality ratio. In conjunction with a bounded multi-fragment method, such as a k-buffer, make our
approach applicable to real-time rendering systems as well.

During this work we identi ed several interesting research directions in order to reduce the two
main limitations of this method: the sparse rasterization of oblique geometry and the extra memory
consumption required. The work presented in the next chapter is directly focused on fully addressing
the aforementioned issues. Still, we can further improve on rasterization-based ray tracing by tackling
several other issues: rst, the suboptimal acceleration structure can be optimized by exploring adaptive
depth subdivision techniques, second, coherence strategies can be explored with respect to ray traversal,
and, nally we can investigate the applicability of a multi-fragment rasterization pipeline to ef ciently
incorporate different path space sampling strategies, such as bi-directional path tracing and metropolis
light transport.
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Chapter 7

DIRT: Deferred Image-based Ray Tracing

Figure 7.1: Our deferred architecture is able to produce high quality results based on analytic intersection
tests through image-space ray tracing while maintaining low construction times and memory requirements,
making it applicable to environments containing arbitrary complexity and motion. The last two insets
demonstrate non-rigid animation. The proposed method effectively resolves the quality and memory
issues that remained unresolved with the method presented in the previous chapter.

In this chapter we continue our investigation on interactive global illumination methods and introduce a
novel approach to image-space ray tracing ideally suited for the photorealistic synthesis of fully dynamic
environments at interactive frame rates. Our method, designed entirely on the rasterization pipeline,
alters the acceleration data structure construction from a per-fragment to a per-primitive basis in order to
simultaneously support three important, generally con icting in prior art, objectives: fast construction
times, analytic intersection tests and reduced memory requirements. In every frame, our algorithm operates
in two stages: A compact representation of the scene geometry is built based on primitive linked-lists,
followed by a traversal step that decouples the ray-primitive intersection tests from the illumination
calculations; a process inspired by deferred rendering and the path integral formulation of light transport.
Ef cient empty space skipping is achieved by exploiting several culling optimizations both in xy- and
z-space, such as pixel frustum clipping, depth subdivision and lossless buffer downscaling. An extensive
experimental study is nally offered showing that our method advances the area of image-based ray
tracing under the constraints posed by arbitrarily complex and animated scenarios.

The chapter is organized as follows: Sectibhdiscusses the problem of fragment-based ray tracing
methods and our contribution. Section® and7.3 present the outline and implementation details of
our architecture respectively. Sectidrt reports on the ef ciency and robustness of our method through
an extensive evaluation study with respect to quality, performance as well as memory consumption, and
nally, Section 7.5 offers conclusions and discusses future research directions.
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7.1 Overview and Problem Description

Renderers involving ray tracing consist of two stages, an acceleration data structure (ADS) construction
stage for speeding up the ray-object intersection calculations and a ray traversal loop, as shown in
Figure7.2 These data structures can be classi ed eithespadial or rasterization-baseddepending on

the approach taken for partitioning and organizing the environment.

Spatial ADS methods are based on a primitive-prioritized ordering to optimize ray intersection queries
based on hierarchical representations (kd-trees, BVH, etc.) and grids. Hierarchical partitioning schemes
can achieve high quality results along with ef cient traversal times, by ef ciently exploiting empty space
skipping. However, they are mostly suited to partially static environments, where the costly construction
stage is performed infrequently. As such, interactivity becomes an issue in cases where geometry can
change unexpectedly way in every frame. Uniform grids, on the other hand, are able to maintain fast
construction times, but traversal performs poorly even for primary rays in environments with non-uniform
distribution of primitives as they cannot exploit empty space skipping. Primary ray performance, however,
can be mitigated by employing more elaborate schemes, such as perspective yidks [

Conversely, rasterization ADS methods, which operaiensgeandvolumedomains, are able to
achieve real-time construction times by exploiting the hardware rasterization pipeline. While they are
well-suited to dynamic scenes, they are, in general, prone to three major issues. First, for image-space
methods, the captured information is sampled in a view-dependent 2D uniform grid, which is potentially a
sub-optimal acceleration structure for ef cient ray traversal. Second, fragment-based approaches result
in poor sampling of oblique geometry, leading to rays passing between fragments and subsequently
intersecting with the wrong ones. This is illustrated in Figarg As a result, the estimated radiance
is approximate. Last but not least, they suffer from over-fetching issues; the shading properties of each
incoming fragment (or voxel) are fetched and stored during the construction process, regardless if they
are needed during the illumination computations. For example, the computational resources required
for shading of a typical unidirectional path tracer are upper-bound to the framebuffer resolution and not
on the fragment complexity of the entire scene. This can have a signi cant impact in both the memory
requirements and the performance of the algorithm, especially in large and complex environments, where
the number of fragments is much higher than the image resolution. Note that this issue, while present,
is not signi cant in screen-space methods storing only a limited number of layers. However, we do not
consider such cases, as the captured information is view-dependent and severely limited for the purposes
of high-quality interactive rendering.

Our Contribution

In this work, we attempt to bridge the gap between these approaches, by unifying their strengths and
lifting their limitations (see table in Figuré.2). We introduceDeferred Image-based Ray Traci(QIRT),
a generic solution for screen-space ray tracing, able to simulate lighting in environments of arbitrary
complexity in an accurate, memory- and GPU-friendly manner. Opposite to prior approaches, we apply
the deferred tracing scheme of spatial-based methods in a rasterization-based ray tracing framework. This
is achieved by disassociating the ADS with the shading data, which are only required for illumination
calculations. This modi cation makes also feasible the conversion of the ADS construction from a per-
fragment to a per-primitive basis, hence, improvingg(iplity: ray-triangle intersections can analytically
be performed in screen-space, (iemory lighting attributes are only fetched for primitives that are
intersected by a ray and (iiperformance build and traversal times are reduced since the ADS can be
created in a compressed representation and the excessive fragment sorting stage during construction is not
required.

Note that DIRT is indirectly associated with the fragment-based method presented in Ghéjuter
clarity reasons, we directly cite it a¥'yY/P16] throughout this Chapter.

Our ADS is initially built by performing multilayer rendering in a cubemap con guration based on
the work of Vardis et al.{yVP16]. Contrary to fragment-based storage, the entire information is captured
on multiple linked lists of pixel-clipped primitives. A coarser representation of this structure is also
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Figure 7.2: Tracing pipelines overview. Our approach effectively combines the advantages of rasterization-
based (fast construction times) and spatial-based methods (analytic intersection tests) in a GPU- and
memory-friendly context using a deferred rendering pipeline.

explored through the use of conservative rasterization, providing notable improvements in storage cost
and rendering times without sacri cing the nal quality. During traversal, and for each light bounce, rays
are concurrently traced by ef ciently skipping empty space regions both in image and depthdhdek |
VVP16]. Concerning quality, analytic intersection tests are achieved by adapting screen-space ray
tracing MM14] to our primitive-based data structure. A deferred pass is subsequently performed, only for
the pixels that contain intersected primitives, gathering material and intersection properties in an auxiliary
shading buffer. Finally, a resolve pass is responsible for computing the nal illumination based on the
available shading information.

To summarize, the main contributions of this work are:

» A novel deferred approach to image-space ray tracing ideally suited for the ef cient rendering of
arbitrary animated environments by explicitly using the rasterization pipeline.

« An analytic solution for screen-space ray tracing against a primitive buffer including several
optimizations for the early termination of rays, such as primitive-based hierarchical traversal, bucket
storage and lossless buffer downscaling.

7.2 Method Description

Akin to any ray tracing pipeline, our image-based algorithm operates in two broad stag&ailthe
stage, where geometry primitives are stored in image-space data structures aravérealstage,

where arbitrary rays are traced and the light transport is resolved in a breadth- rst, iterative manner. By
using geometric primitives instead of sampled fragment data, analytic tests can be performed, resulting
in accurate image generation. Similar to Guntury et@NLZ, we also exploit per-view perspective
grids. However in our case, cells are irregularly sized in the depth dimension, based on the pixel's depth
bounds, and hierarchically organized in the image domain, enabling early space skipping that signi cantly
improves traversal in arbitrary environments.

To compute the contribution of each event, when a ray path is traced through a virtual environment,
we use the well-known three-point light transport formulation and only allocate storage for the previous,
current and next hit points encountered. This way, we overcome the over-fetching issues of prior image-
based approaches. Instead of storing fragment-based shading data for the entire environment before the
tracing operation, we only retain minimal information about the primitives registered in the image buffers
that is required exclusively for analytic ray-primitive intersection tests. After the valid hit point of each
ray has been determined, shading information is updatédoncefor each event (see Figured). For
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Figure 7.3: Rasterization-based methods fail to capture most ray-object collisions due to their sparse
geometry discretization. While replacing fragments with frustum-shaped voxels (froxels) can improve
hit-ratio, it cannot guarantee accurate intersection behavior.

multiple events, this update operation involves shifting the currently stored shading attributes of the three
path points and appending the newly discovered hit attributes.

Build Stage

The construction of the ADS captures the geometric information of the entire scene by rasterizing the
scene in a multiview setup. Two main and one optional steps are required. Fits& Mipmap Depth

step is employed that stores mipmapped per-pixel minimum and maximum depth values based on the
incoming primitives. This operation is required for two reasons: (i) screen-space ray tracing can be
performed in a hierarchical manner, signi cantly reducing the cost of screen-space traversal and (ii)
uniform depth subdivision can be exploited, allowing for ef cient empty space skipping in the depth
dimension. Next, &ill Primitives pass captures the detailed geometric information by storing vertex
information and primitive indices. Optionally,Rirect Visibility pass can be executed in order to cache
surface data for direct lighting calculations, when camera shading effects such as depth of eld are not
enabled. Note that in order to accommodate dynamic environments, the Build stage occurs in every frame.
However, for the multiple view setup, if the geometry is static, only the (trivial) Direct Visibility pass
needs to be executed per frame, as the captured image buffers already contain all scene primitives. The
entire construction process is explained in detail in Secti8riL

Traversal Stage

This stage is executed in an iterative manner, requiring three passes for each path &zag :Fetch
andResolvgpass. The key idea here is that during each ekepéer-pixel material information for the
three required points3 1; Gk; Gk+1 ) is stored in a shading buffer instead of the ADS (see Figufg

signi cantly reducing the memory requirements. Rays are generated based on the curre@ipuihile

any identi ed hits are fetched through a rasterization process and sto@d at At the end of each event,

a left shift operation is performed to set the identi ed hit as the starting location of the next event (see
Figure7.5- Shade).
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Initially, in the Tracepass, rays are generated based on either the cached data fiDiretté/isibility
pass or the camera lens. Tracing is performed hierarchically in screen space on the mipmapped per-pixel
depth bounds. When a depth-based ray intersection is found, the primitive linked lists associated with the
corresponding pixel are traversed until the closest ray-primitive collision is located. At each bounce, all
intersections with a particular pixel from multiple rays are stored in an auxiliary buffehtthefferin
Figure7.5- Trace), in the form of a linked-list associated with the hit pixel's location. In the next pass,
called thelFetchpass, each stored hit is retrieved, rasterized and the resulting attributes are stored in the
shading buffer. Finally, th8hadepass accumulates the lighting contribution at these points based on the
properties stored in the shading buffer, according to the three-point form of the light transport equation,
and prepares its contents for the next path event (iteration). Further details regarding the Traversal Stage
are discussed in Sectign3.2

Data Structures

Our deferred approach requires six structures in total, three for the ADS construction and another three for
traversal. The ADS consists of (i)depth bounds textuystoring the per-pixel min-max depth information
created during the Fill & Mipmap Depth pass, (ii) a linked-list structure storing primitive indices, called
theid bufferand (iii) avertex buffetholding per-primitive vertex attribute information. The last two
buffers are lled during the Fill Primitives pass. Note that if no new primitives are generated within the
rasterization pipeline, e.g., through a tessellation or geometry shader, the vertex buffer already available as
part of the rasterization process can be used instead. During tracing, intersection and shading information
is associated to two new storage unitsiitsbuffer, containing ray-primitive hit information; andshading

buffer, storing per-pixel material properties only for the three hit poig (1; Gk; Gk+1 ) associated with

the path event (iteratiorkK.

Acceleration Technigues

Similar to spatial ADS approaches, ef cient exclusion of empty space is crucial for fast ray traversal.
To this end, we apply several Z-culling optimizations in both the image plane and depth direction by
adapting Hierarchical-Z (Hi-Z) traversdl[u14] and uniform depth subdivisionF13] in our primitive-

based pipeline. This is accomplished through primitive clipping operations against each pixel's frustum
boundaries during the Build stage. A notable improvement in the ef ciency of Hi-Z is also obtained
by downscaling the ADS through conservative rasterization, where each group of shading pixels is
represented astde in the ADS, reducing the total image-space steps required during ray marching in
the Trace pass. Last but not least, a noticeable performance optimization is achieved by a pixel rejection
scheme; all pixels with no associated intersections are markecthamsl texturand are subsequently
discarded during the Fetch pass, where shading takes place. The entire pipeline is illustrated in.Figure
and discussed in further detail in the following section.

«Z JVvP & }( I8 & Y}v

Figure 7.4: To compute the illumination for poi@i, our shading structure contains information only for
the three points contributing to the current event iterakion
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Figure 7.5: A detailed and illustrative diagram of the DIRT architecture stages. (left) Build: Geometry is
clipped (i) to compute the mipmapped depth bounds and, in a subsequent pass, (ii) to perform primitive
occupancy discretization. (iii) Optionally, a deferred pass is performed to resolve direct visibility. (right)
Traversal: Raysr(; rj) are analytically traced in screen-space (starting fppyp; ) storing intersection
attributes at the hit pixel locatiomgj: ). A geometry pass is subsequently performed at the masked pixels
(pnit ) to fetch the shading properties of all hit primitivedy(; idy). Finally, the illumination contribution

at path node (iteratior is computed and hit point data are shifted in preparation for the next event
(k + 1). Note that several passes can be performed in lower resolution via conservation rasterization.

7.3 Algorithmic Details

7.3.1 Build Stage
Overview

Brie y, the rst stage of DIRT samples the scene primitives in a user-centric manner as follows:@irst,
viewsy;;j =0 :::5arranged in a cubemap con guration are created covering the entire scene extents,
using the multiview setup proposed by Vardis et ¥VP16]. Second, the ADS is ef ciently constructed

by performing two geometry passes for all views: the rst one is responsible for computing the depth
bounds texture that is subsequently mipmapped to retain the aggregate min/max depth values per texel.
The second pass lIs the vertex and id buffers. Finally, an optional geometry pass, executed only for the
primary camera view, is employed to initialize the shading buffer with the direct lighting results. This pass
can be omitted when camera shading effects such as depth-of- eld are present, increasing the Traversal
stage steps by one.

ADS Downscaling

To reduce the redundant data generated at neighboring pixels corresponding to the same rasterized primi-
tive, a more compact lossless representation of the ADS is constructed via conservation rasterization. This
mechanism, exposed as an OpenGL extension for the NVIDIA Maxwell architecture, allows rasterization
to generate fragment samples for all pixels intersected by a primitive. Thus, the ADS can be constructed
(Fill & Mipmap Depth and Fill Primitives passes) and traced (Trace pass) at a lower res®ytioiR, =S

by associating each high-resolution pipgl that belongs to the frame buffer's resolutiBf, to a pixel

tile pp with sizeS S; S=2"; m 2 Z ,. While this data structure holds the same primitives as the
high-resolution ADS due to conservative rasterization, a smaller number of fragments are generated. This
is because although a tiintersects more primitives, only a single copy of a pixel-clipped primitive

is generated and stored (Sectin.1.9, reducing the memory requirements and construction times.
However, due to the reduced portability of conservative rasterization, downscaling can be optionally
omitted fn = 0).
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Figure 7.6: Handling primitives in screen-space. Per-pixel primitive clipping is exploited for correct ADS
building including (a) depth range computation and (b) multi-bucket placement. (c) Empty-space skipping
is performed when either rays pass outside depth boundagieg ) or a valid hit is found in a bucket
where traversal order is de ned by the ray's directiog) ( Note that intersections detected outside the
pixel frustum are discardedy).

7.3.1.1 Depth Bounds Passes
Fill Depth

The rst geometry pass is responsible for generating a depth bounds texture, which stores the depth
extentszmin (P1); Zmax (p1) of all primitives spanning each pixpj of every view. Since the ADS stores
primitive ids instead of depth-ordered samples, correct calculation of depth extents is achieved by clipping
primitives against each pixel's boundaries (see Figu6é&)). This operation is required for two reasons.
First, uniform depth subdivision (bucketing) can be exploited, where primitives are assigned to multiple
linked-lists spanning equally sized depth intervals, during the Fill Primitives Pass (Sé@&iard. A
primitive is assigned to all buckets its depth bounds overlap with (see Figh(l®). Second, Hi-Z can be
performed after constructing a mipmapped version of the depth bounds buffer (Se&td).

From an implementation point of view, a geometry shader outputs each primitive the fragment
shader, which clips it against the pixel's frustum planes, resulting in a new prirpitivd hen, the new
primitive's depth extents update the respective pixel's depth bounds via atomic min/max operations. The
geometry shader is required for emitting primitives to multiple views and is not required in a single-view
implementation.

Mipmap Depth

The depth bounds texture is downscaled and ltered, independently for both the min and max values, into
multiple levelsd by performing a fast full-screen quad rendering pass. The modest increase in texture
memory usage ( 1:5 ) provides a signi cant ray tracing speedup.

7.3.1.2 Fill Primitives Pass

Once the mipmapped depth bounds texture is computed, a second geometry pass is employed to construct
the core structure of our ADS: the vertex buffer, a linear array that contains the three per-vertex attribute
structuresy;j (idy);i = 0;1; 2 of each incoming primitivear, with unique identi eridy; as well as the

id buffer, an unsorted multiple linked-list structure that contains the unique identi ers for all primitives
rasterized in every pixgd of every viewv; . Speci cally, at the geometry shader invocation, the incoming
vertex information (such as positions, normals, texture coordinates, etc.) are stored sequentially in the
vertex-buffer. The value dfly can be based either on the unique primitive identi er provided by the
corresponding API for single draw call operations or on a global atomic counter, when multiple draw
calls are required. In the following fragment shader invocation, each ppadispth rang&range (1) =
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Zmax (P1)  Zmin (p1) is split intoB uniform sub-interval$y;:::;bs 1. Then, each incoming rasterized
primitive is clipped against pixel's, frustum boundaries and the resulting (clipped) primitive is
atomically added to all buckets in the rarfbgin ; bnax ] overlapping its depth extents (see Figdré(b)) :

Bmin (P pr) = BB (Zmin (Pr1)  Zmin (P1)) =Zange (P1)C; (7.1a)
Bmax (Pi; pr1) = BB (Zmax (Pr1)  Zmin (P1)) =Zange (P1)C: (7.1b)

7.3.1.3 Direct Visibility Pass

When simple perspective primary rays are generated, a quick rendering pass is performed rst, storing the
material properties of the tracing starting point for each pgixeh the camera view shading buffé. The

primary ray hits are created via direct rendering and stored in the shading buffer. In our implementation,
this buffer write operation exploits a semaphore-based spin-lock mechanism since the shading buffer
contains structures and is therefore not a regular frame buffer, where conventional fragment depth testing
operations can be performed. After this step, we also initiate a Shade pass to quickly compute the direct
illumination and then continue iteratively the Traversal stage as discussed in the following section.

7.3.2 Traversal Stage
Overview

This stage is executed in an iterative manner, computing the illumination contribution of each scattering
event per iteratiok 1. Brie y, it consists of three different passes:

» Rays are traced in screen space by traversing the downscaled ADS until the closest ray-primitive
intersection is analytically found and captured in the hit buffer. The hit buffer stores intersection
data forall rays intersecting a particular pixel during iterati&n This information includes the
primitive ID, intersection position and barycentric coordinates. Since the number of registered hits
is unknown a priori, a per-pixel linked-list structure was preferred as a storage container.

» The shading properties for each identi ed hit are fetched and stored at the shading buffer by
performing a geometry rendering pass. Conceptually, the shading buffer's contents correspond to
three points for each pixeGy 1, holding the previous point's positioGy, pointing to the current
event's shading attributes (essentially the starting ray location); and r@lly, , storing the new
intersected point's fetched material properties. A pixel-rejection mechanism is also exploited to
prevent unnecessary invocations of non-intersected pixels.

» Afull-screen quad rendering pass is nally employed to compute the shading of the current event by
evaluating the three-point light transport formulation at the shading buffer. To support a complete
path tracing implementation, an additiorgderatorstexture is employed during the Trace and
Shade passes, storing the updated probability of path sedmaanivell as the cumulative transport
operators respectively.

7.3.2.1 Trace Pass
Screen-space Ray Tracing

This step starts with the generation of a newrgyor each pixelp;,, based on the contents of shading

buffer G;. G stores either the camera position or the attributes stored in the direct visibility pass during
the Build stage, depending on whether direct rendering is used for the primary rays or not. Rays are
clipped against the viewing frustum and subsequently traced via ray marching up to the screen-space
projection of their clipped endpoint until the closest intersection is found in the id buffer. If no valid hit is
found within the current view, the process is repeated for each subsequent view the ray intersects. Readers
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are referred toNIM14; VVP16] for further details on screen-space ray tracing in one or more views
respectively. Generally, the image-space ray tracing performance relies heavily on how well the empty
space regions of the scene can be avoided, by exploiting the available min-max depth maps. Ef cient
empty space skipping is achieved by moving in hierarchical steps on the image plane and by avoiding
uniform sub-intervals in the depth domain.

Hi-Z Tracing

Single-layer hierarchical screen-space tracing is commonly carried out by switching between tiles of
different sizes, belonging to different mip level® [0; di] of the high-resolutionR}) Z-buffer [Ulul4].

We revise accordingly this operation with respect to our compact primitive-based pipeline with two
modi cations: (i) reaching the lowest mip level does not de ne an intersection, but initiates a lookup
procedure in the id buffer and (ii) the lowest mip lededepends on the resolution of the ADS buffer:

d 2 (0;dy). The last modi cation essentially, trades traversal overhead in the image-space with larger
lists in the depth domain. Speci cally, starting at mip ledet d,, the ray's eye-space Z coordinates

are compared against the tile's depth extents. For each successful intersection, the mip level is decreased
and iteratively re ned until reaching the lowest valdg where primitive traversal in the id buffer is
initiated (see Alg2, Ln1  6). Otherwise, the current tile is skipped and the mip level is increased for the
next tracing iteration (see raysg; rq at Figure7.6(c)).

Bucket Tracing

Once the process enters the primitive traversal phase, analytic ray-primitive intersection tests are performed
between the ray and the primitives stored in each bucket of the id buffer. To ensure the closest valid hit,
the following operations take place. First, we identify the range of pixel buckeblag (pi;rn) =

[Bnin (P15 Th); bmax (pr; rn)] intersected by the ray using Equatiohdaand7.1b Rays that move towards

the near plane are checked in back-to-front bucket order, while rays towards the far plane are checked in
the opposite order. Note that while this operation is similar to Vardis eV&IP[L6], it is applied here in

order to skip any remaining buckets during the traversal operation rather than to ensure correct multi-hit
behavior of ray-fragment collisions. Second, we linearly iterate through all primitives of each intersected
bucket in order to nd the closest ray-primitive collision. For each successful intersection test between a
rayrn and a primitivepry, we keep the hit if both of the following conditions are met:

 The hit point lies within the candidate pixel tih?' . We check this by projecting the hit location in
the image space of the tile's associated view (see gay Figure7.6(c)).

» The intersection distandg is the shortest one acquired up to this potpt< t 1t ).

For any accepted hit, we maintain the primitiveitly, the barycentric coordinatdés, and intersection
positionpos;. If at least one valid hit is found in one bucket, the remaining buckets are omitted (see ray
rc at Figure7.6(c)). The details of this method are shown in AlgoritriLn 7 22).

Final Storage

After testing all primitives in the intersected bucket for ray-triangle collisions, the closest hit location
posyit is projected to the high-resolution hit buffer locatipt , where a new hit record is atomically
inserted in the linked list at that location. Each record contains the hit data information acquired during
tracing, the viewy; in which the intersection occurred and the shading buffer pixel locgohe latter

is the pixel location in which the tracing starteg@y[pn]) and also the location where the fetched data will

be stored at the next pagsy:1 [ph]). The view information is required since lighting calculations are
performed in eye space. To reduce the overhead of unnecessary fragment invocations of non-intersected
pixels, a pixel-rejection scheme is employed, by agging the pixgl as occupied, through the use of a

mask texture. In terms of implementation this can be either a depth or a stencil texture, essentially used as
an early culling testing mechanism.
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Algorithm 2 int analytic_ssri(Pixel p, Rayr, Mip-level d)

1 . (1) Hi-Z tracing

2: if Zmin (%) > Z max (P%) OF Zmax (1) < Z min (p%) then

3 return no_hit . skip complete pixel tile
4: else ifd > d| then

5: return invalid _level; . large mip-level, decrease & retry
6: end if

7: . (2) Bucket tracing

8: Brange = [Bmin (P 1); bmax (P; 1]

9: for each buckety 2 bange do

10: for each primitiveor, 2 b with id idy do

11: ftx;breg  hit (r; pry); . ray-primitive intersection test
12: posc orig(r)+ tx dir(r);

13: px  project(pos);

14: if tx 2 (0;tpit) and px = pY then . new best hit found
15: fthit s idhit ; Dt s POshit g ty; idy; bry; poscg;

16: end if

17: end for
18: if hit foundthen

19: break; . skip remaining buckets
20: end if

21: end for

22: return fposit ; bryit ; idhit G; . return closest hit info

7.3.2.2 Fetch Pass

A full geometry rendering pass is responsible for retrieving the shading information for all intersected
primitives identi ed in the previous pass. For each incoming rasterized primitive, we search the linked-list
at that hit buffer location for a match between the stored primitive ID and the incoming one. For every
successful comparison during each iteration, we compute the vertex attributes using the stored barycentric
coordinates, thus avoiding the attribute extrapolation problem of conservative rasterization. The primitive's
shading data are then retrieved through common texture fetching operations. Finally, the primitive's
shading data are stored in the shading buffeGat; .

7.3.2.3 Shade Pass

The last step of the iteration initiates a quick full-screen quad rendering pass, which computes the lighting
contribution of the current scattering evdéntUsing the shading buffer contents and the operators texture,
the three-point light transport is evaluated and stored in the frame buffer. Afterwards, a left shift operation
on the shading-buffer is performed, essentially setting the current intersection point as the starting ray
position for the next iterationGy 1 = Gg; Gk = G+1 -

7.3.2.4 Notes on Conservative Rasterization

If conservative rasterization is not available, the entire pipeline is slightly modi ed: (i) the comparison
during the Fetch pass requires both primitive and view information and (ii) barycentric coordinates are
not required since attribute interpolation is based entirely on the rasterizer.
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7.4 Experimental Study

We have implemented DIRT solely on the OpenGL rasterization pipeline, which is compatible with
common graphics engines. Due to the design philosophy of the algorithm, a full path tracing solution was
implemented and evaluated. Our experiments setup, as well as the provided source code, are described in
Sections/.4.1and7.4.2 respectively. We offer a detailed evaluation in terms of quality (SeGtiérB,
performance (Section.4.4 and memory (Sectioid.4.5 against: (i) the most recent fragment-based deep
G-buffer (DGB) ray tracing method by Vardis et a/\/P16] since it offers the best quality to date but

also suffers from the highest memory consumption and over-fetching issues and (i) two fast and highly
optimized spatial-based data structures, HLBVAL10, GPM1] and TRBVH [KA13] on a GPGPU path

tracer implemented with NVIDIA OptixPar+104

7.4.1 Experiments Setup

We have run our tests on an NVIDIA GTX980Ti GPU and all images were rendered at a resolution of
Rp =1024 512 R; = Ry unless speci ed otherwise. The node size in bytes for each of our buffers
wassize(nodey) = 8 for the ADS andsize(node,i;) = size(nodey,) = 32 for the hit and shading
buffers respectively. Note that the size of the shading buffer is speci ¢ to our path tracing implementation,
containing packed material attributes such as diffuse and specular re ectivity, opacity and emissive
parameters. All quality results were rendered at00Gspp, where each sample corresponds to a complete
tracing path, including both the direct and indirect illumination events. The Dirt, Candy, Hangar and Cloth
scenes are presented in Figuré while the Bunny scene is shown in Figuré§ and7.9.

7.4.2 Supplemental Material

The shader source code for the entire pipeline of DIRT, i.e., the construction as well as the tracings stages,
is provided in the supplemental material of this dissertation.

7.4.3 Quality Evaluation
Fragment-based Ray Tracing.

Tracing methods, which approximate the environment based on discrete samples (fragments), are able to
produce plausible results in most typical scenarios. However, they are susceptible to view dependencies
due to rays passing through sparsely sampled geometry. While this can be mitigated by assuming each
sample is a frustum-shaped voxel of non-zifiocknessinaccurate misses cannot be totally avoided. Even
worse, the thickness parameter is view-dependent and requires manual adjustment. As a result, these
methods are approximate and their error is mostly visible when high frequency phenomena are present.
Figure 7.7 demonstrates this on a scene, where perfect re ections are dominant. Rays which would
intersect with the seat of the cyan chair end up passing through (a). Increasing the thickness eventually
resolves this issue but results in extruding the re ected objects (b, ¢), which is especially noticeable when
compared with the correct result captured by our method (d - see for instance the power cord).

GPGPU Ray Tracing

Figure7.8 (top) provides a quality comparison of our method against two spatial-based data structures,
based on NVIDIA OptiX. We show results with primary and shadow rays (left), primary and secondary
rays without shadow rays (middle) and primary and secondary rays with shadow rays (right). We are
able to achieve identical results with the reference images, demonstrating that our method can also be
employed for quality renderings, a fact that is also validated through all experiments shown in this chapter.
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Figure 7.7: Quality comparison (2-indirect bounce lighting) between fragment-based collisions (a,b,c)
and our analytic approach (d). High frequency phenomena cannot be accurately captured by manually
adjusting the view-dependent thickness parameter. This is mostly visible in the re ections of the lamp
power cord (orange inset) and the cyan chair (green inset) at the oor and walls, which appear stripped or
extruded.

7.4.4 Performance Evaluation

Figure7.10(bottom) presents performance results under different depth subdivision settings and tile sizes
as well as the corresponding cost of the Fetch and Shade passes for three test environments. Since these
two depend only on the resolutid®y,, they are also reported separately (right). Note that we do not
provide measurements for different path lengths (1) as our tests showed that the increase is linear in
closed environments and, as expected, sub-linear in open environments, due to excessive ray misses.
With respect to the number of buckets, we observed an exponential bene t in traversal times while
construction is increased linearly by a slope of2% due to primitives overlapping more buckets.
Regarding changes in the tile size, the performance bene t depends on the number of generated primitives
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Figure 7.8: Comparison with two spatial-based data structures in the Sponza Atrium, where construction
occurs in every frame.

during construction and on the titiensityof the generated primitives during traversal. Therefore, an
increase in the tile size provides notable traversal improvements in scenes where the geometry tessellation
is low or medium. Environments containing many nely tessellated objects, however, such as the foliage
in the Dirt scene, can bene t from a larger tile size mainly on high resolutions.

Impact of Ray Coherence

Table7.1 presents the performance on four scenes with different types of rays, such as visibility, perfect
re ection, highly glossy and pure diffuse. These measurements were taken in practical scenarios by
changing the material properties of the objects in each scene and rendered with our prototype path tracing
implementation by spawning rays. Note that we performed our tests on the rst path event since the cost
of primary rays is minimal due to rasterization. Visibility rays were spawned towards a predetermined
location outside the scene's extents and terminated at the rst intersection, specular rays towards the
re ection direction, glossy rays through BSDF importance sampling and nally, diffuse rays using cosine
hemisphere sampling. The performance drop observed when moving from specular to glossy and, nally,
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diffuse rays is justi ed by the increasing incoherence caused by rough surfaces. The latter is also an
indication of the improvement we can achieve with further research in the area.

Table 7.1: Mrays/sec of DIRT under different ray types for the rst path event.

Scene/Ray Primitives | Visibility | Specular| Glossy | Diffuse
Cloth 93k 65.5 26.7 26.6 15.2
Bunny 156k 40.3 24.9 1458 | 11.6
Hangar 266k 39.9 14.7 9.6 9.6
Candy 420k 24.9 14.9 12.0 9.6

Fragment-based Ray Tracing

Table7.2 presents a detailed comparison against fragment-based ray tracing in terms of both performance
and memory consumption, where the thickness parameter was adjusted to produce the optimal quality
result for each scene. For a fair performance comparison against DIRT, conservative rasterization was
disabled R; = R;) and the number of bucke® was the same as in the fragment-based approach

in order to produce a similar number of fragments and clipped primitives. We observed that: (i) the
memory was reduced by 21% while the generated fragments,} was increased by 5% due

to our multi-bucket placement, (ii) the construction times dropped3%p since no fragment sorting

occurs and nally (i) tracing times dropped by an averagd.6%in scenes where the average distances
between objects were larger than the thickness parameter. The latter did not occur in the Bunny scene
where many rays terminated prematurely, due to the thickness extrusion (see als@ Fgueabling
conservative rasterization, which is required by our method, doubles in most cases the tracing times due to
the signi cantly larger number of fragments generated and, consequently, results in an irregular increase
of the primitive lists in cases of oblique geometry.

Table 7.2: Performance and memory comparison of a DGB-based method and DIRT.

[VVP16]/ DIRT
Scene | Fragments (M)| Memory (MB) | Build (ms) | Traversal (ms)
Bunny 3=31 161=150 8-6:5 28-53
Hangar 4:5=4:7 201-184 137-11 57=47.9
Candy 8:9=10:2 317=250 18=16:8 75=62

GPGPU Ray Tracing

Figure7.8(bottom) provides a performance comparison against two spatial-based data structures, TRBVH
and HLBVH, provided by the NVIDIA Optix. We report times on the rendered stills shown at the top,
with one primary and one shadow ray (left), a primary and a secondary ray (middle) and one primary, one
secondary and two shadow rays (right). Note that the tile size is increased gradually with the resolution
from 1x1 to 8x8 pixels. Our results show that our method can maintain much lower construction times
(dashed lines) even at high resolutions. In cases of incoherent rays, here the secondary camera path
segments and their shadow rays, we observe a steeper increase in traversal times, which diminishes the
bene t of low construction as the resolution increases.

Single-view Ray Tracing

Our approach can be also used in a single-view con guration, where image accuracy is traded for speed
by skipping out-of-view geometry and respective view traversals. Performance can be further improved
by replacing visibility calculations with shadow maps. The latter is demonstrated in Figure
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Figure 7.9: A single-view setup in conjunction with shadow maps can provide view-dependent, high
quality rendering at higher frame rates. Construction/Traversal times (per spp): 5ms/37ms (left) and
9ms/59ms (right) respectively at IMPix&; =512 512

7.4.5 Memory Evaluation

Table7.3 presents the total memory requirements for all structures used in our pipeline,h¢0eB |

is the average intersected buckets per primitiveranid the number of clipped primitive samples. We

omit the storage cost of the vertex buffer since it is already required as part of the vertex buffer creation
in a common rasterization pipeline. Also note that the mipmap generation of the depth bounds texture
slightly increases the memory consumption. By following a deferred tracing strategy, our method reduces
signi cantly the memory required by the large amount of fragment information generated, when the entire
scene shading information is captured, instead. This is achieved by (i) bounding the tracing information
(nodeyp) and disassociating it from the scene's geometric compleritgléq) and (ii) downscaling the

ADS.

Table 7.3: Per-pixel memory formulation of the DIRT architecture.

Memory Requirements (in bytes) Unit
depth bounds texture 11 8 1.33 8p 2 v
id buffer 4 B+ c np size(nodeg) J
hit buffer 4 + size(node,it )
shading buffer 3 size(nodey) 8pn
mask texture 2

size(nodey) = 8; size(nhode,i;) = size(nodey,) = 32

Impact of Downscaling

Figure7.10shows the memory gain when the tile size is increased ftoml pixels to a tile of2 2 and

4 4 pixels respectively on three test cases of different fragment complexity. For a buckBtsi&;

which is a practical minimum for our approach to achieve relatively decent performance, we observed
that the fragment generation is reduced initiallyd#owhen movingto 2 2tile and a furtheB7%

to atile size o4 4 pixels, while the memory required wa% and32%respectively. Note that the
fragment generation drop is justi ed by the reduction in the number of clipped primitive sampladen

larger tile sizes are used. On the other hand, increasing the number of buckets by 8 corresponds leads to a
memory increase df5% 8% and4% for each tile setting. The main observations here are: (i) an increase

in the tile size provides similar memory bene ts on all scenarios regardless of the fragment complexity,
(ii) an increase in the number of depth subdivisions consequently increases the memory required, since
more buckets are being intersected per primitive and more head pointers are required for the linked lists,
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Figure 7.10: Detailed measurements regarding memory (top) and performance (bottom) with variable
number of depth subdivision8{ and tile sizes on scenes of different fragment complexity. Separate
timings for the Fetch and Shade passes are also shown on the right.
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Figure 7.11: Correlation of ADS memory cost 8\JP16] and DIRT methods under increasing screen
resolutionsRy, = R|,B =1).

and nally (iii) a combination of tile siz&2 2 and depth subdivisionrB 2 [20; 40] provides a good
overall setting in terms of both performance and memory gain.

Impact of Decoupling

While the over-fetching issue is present in all variants based on DGB, memory problems are mainly
evident in cases where the entire scene geometry is captdvsd § VVP16]. In the following, we do

not compare our method with variants where only a few layers are hardMd4; Wid+15 since, while

their memory overhead is small, the geometric information and resulting quality is very approximate.
Figure7.11illustrates the memory allocation superiority of our method when compared to a recent
fragment-based ADSAVP16]. We were unable to provide a correct comparison against the method by
Hu et al. Hu+14 since it was not discussed by the authors. However, we assume that the total cost would
be similar with the currently compared method due to the three orthographic A-buffers used for capturing
the entire scene. Both methods allocate the id and shading data as part of the ADS construction resulting
in a huge and wasteful memory demand. While DIRT has an initial overhead due to the xed memory cost
of the decoupled hit and shading buffers, it exhibits a near constant relation with the fragment generation
as opposed to a linear one in DGB. This results in reduced memory requirements in most typical cases
since the number of generated fragments is usually much higher than the number of pixels. This is even
more noticeable when conservative rasterization is employed, since the number generated fragments
increases signi cantly.
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7.5 Conclusions and Future Research Directions

In this chapter, we have presented DIRT, a deferred rendering solution to image-based ray tracing.
Our framework is based on a novel acceleration structure designed to simultaneously maintain three,
commonly con icting, criteria: (i) fast construction times via (conservative) rasterization in conjunction

with (ii) analytic intersection tests using (clipped) primitives as storage nodes and (iii) reduced memory
consumption. Our extensive evaluation study illustrates that our method advances and generalizes the
eld of image-space ray tracing as it addresses several highly important issues: (i) the sampling of oblique
geometry and ray-fragment intersections that directly affects the quality of the generated images, and (i)
the over-fetching issues of fragment-based data structures. Furthermore, the wide spectrum of testing
scenarios that has been presented showcases the low GPU resources consumed as well as the compelling
graphics effects generated when DIRT is demonstrated under a physically-based path tracing platform.

It should be noted that while our deferred scheme is demonstrated on our primitive-based data structure,
it can provide similar bene ts on the fragment-based data structures discussed in Ghadptexdditional
observation regarding DIRT is that, while the multiview approach is clearly related to interactive rendering
in today's hardware, a single-view con guration can maintain near real-time performance in various
scenarios, making the method applicable to the realm of real-time rendering as well.

While our method is able to achieve high quality results, new issues have arised opening new problems
and identifying promising research directions. The most notable improvement can be achieved in the
traversal times, mainly in incoherent rays, when compared to spatial-based data structures. This is an
expected outcome of our shallow acceleration structure (one-level deep regular subdivision), the overhead
caused by the increase of our linked lists due to conservative rasterization and the fact that we do not
explore any coherence strategies. Also, an overhead is caused in both construction times and memory
consumption due to the duplicate primitive information currently present in multiple buckets of the same
tile, which is currently a requirement for accurate traversal when depth subdivision is involved. It would
be highly interesting to investigate these issues in the future by exploiting adaptive depth subdivision
techniques, clustering algorithms and strategies for ray coherbtate 15.
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Chapter 8

Conclusions and Future Work

In this thesis, we have investigated several illuminations problems, directly applicable to real-time and
interactive rendering of arbitrarily complex and dynamic scenarios. Concluding, we offer an overview of
our work and provide a general discussion regarding future research directions.

We started our investigation in Chapterby focusing on the view-dependency problems of screen-
space ambient occlusion techniques, in the domain of real-time rendering. Contrary to prior work, which
was mainly focused on the improvement of the sampling quality and ef ciency of the AO estimator, we
were concerned with the general improvement of the algorithmic input of screen-space approaches. Any
previous work on this area was employing either multiple depth-peeled layers or xed view con gurations,
resulting in computational overhead and erroneous AO estimation as each layer/view contributed with
equal importance. To address these issues, we proposed a generic single-pass weighting scheme that
augments the screen-space AO estimation based on the contribution from other, arbitrary viewpoints, such
as the readily available shadow maps. Instead of equally considering each view, our weighting functions
balance the contribution of each viewpoint on a per-fragment basis, without overestimating occlusion or
requiring a specializing view setup. To reduce the overhead of incorporating multiple views, we perform
an adaptive sample reduction based on the importance of each view, while maintaining high quality.
Our evaluation study demonstrates that our method is generic and thus, can be applied on various AO
algorithms, improving the total convergence of the AO estimator in screen-space techniques. While our
research was speci cally directed to screen-space ambient occlusion, it posed some important questions
regarding the ef ciency of single-layered/view approaches, in general. Furthermore, it opened promising
research directions related to the automated and optimized positioning of arbitrary viewpoints and the
applicability of such approaches to simulate more advanced global illumination phenomena.

In our second approach, in Chapfemwe focused on the improvement of illumination algorithms,
based on a conjunction of volume- and image-space representations, still in the realm of real-time
rendering. We identi ed several problems with respect to prior work, such as increased computational
overhead in dynamic radiance caching schemes and view-dependency issues during indirect shadowing
calculations. To this end, we proposed a very fast and stable diffuse global illumination method where high
performance improvements are accomplished based on two generic strategies: (i) directional chrominance
subsampling and, (ii) an optimized cache population scheme. Additionally, our method is also able to
support view-independent indirect shadowing, at minimal cost. Our experimental study concluded that
the presented strategies open some interesting future research directions, both with respect to directional
compression methods as well as on positioning schemes able to incorporate more complex phenomena,
such as participating media.

In the domain of interactive rendering, we began our investigation in Ch@gigrexploring the ability
of the rasterization pipeline to incorporate uni ed global illumination effects, under the consideration
of fully dynamic environments. Our research resulted in several important contributions to the eld
of interactive rendering: First, we proposed a generic multiview/fragment con guration that was able,
for the rst time, to effectively capture in high detail the entire scene, which was not possible before
using traditional volume- and image-space methods. Second, we presented a multi-fragment variant
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speci cally designed for image-space ray tracing, allowing fast construction times as well as ef cient
empty space skipping in both the image- and depth-domain. Third, we generalized image-space ray
tracing for ray-fragment intersection queries based on a multi-layer/view pipeline. The aforementioned
contributions allowed for the implementation of a full path-tracing solution in the rasterization pipeline,
directly applicable to rendering of fully dynamic environments. Finally, we conducted a thorough
performance/memory analysis of multi-fragment variants and their ability to perform ray-fragment
collision queries against arbitrary pixel fragments in a rasterization-based ray tracing framework. Our
evaluation study answered some important questions regarding the quality and memory issues present in
screen-space illumination techniques and served as an inspiration for our next research method.

Our last work, in Chapter, concluded our research by presenting DIRT, a rasterization-based
technique for global illumination of fully dynamic environments. The proposed method addresses the
previously identi ed problems of fragment-based ray tracing by applying the deferred nature of the
traditional ray-tracing pipeline in a rasterization-based framework. This modi cation allowed us to alter
the acceleration data structure from a per-fragment to a per-primitive basis and support three, con icting
in prior work, objectives: (i) fast construction times, (ii) analytic intersection tests and (iii) reduced
memory requirements. In order to maintain ef cient traversal, we exploit several empty-space skipping
optimizations both in image- and depth-space, such as screen-space hierarchical traversal, pixel frustum
clipping, depth subdivision and lossless buffer downscaling. Our extensive evaluation showcases that our
method further advances the eld of image-space ray tracing under the constraints posed by arbitrarily
complex, dynamic scenes. Furthermore, it strengthened the need for further investigation with respect to
both the construction stage as well as the optimization of the traversal times, by exploring areas related to
adaptive depth subdivision, clustering techniques and coherence strategies.

In general, we believe that the research conducted throughout this thesis has addressed several
important issues in the elds of real-time and interactive rendering by focusing on the ef ciency, quality
and robustness of screen-space and volume-based techniques as well as on the overall capability of
rasterization-based methods to accommodate full global illumination algorithms. As explained in the
previous chapters, however, the ef cient computation of dynamic global illumination is an inherently
hard task. In real-time rendering, unfortunately, approximations are unavoidable due to the hard time
constraints involved in the process. In this domain, the impressive, but not necessarily physically-correct
results accomplished by recent rasterization-based methods can be unquestionably improved even further
by employing more robust and ef cient representations. In interactive rendering, the increased need to
support complex dynamic environments in conjunction with the shared requirements regarding quality
and interactivity constitute the investigation towards more ef cient ray tracing algorithms of adamant
importance. There, signi cant progress has been achieved from the research community by improving
areas that have been, for a long time, applicable only to static environments. However, we have also
showed that the same results can be obtained by elegantly exploiting the rasterization pipeline, proving
that a strong continuum between these two, traditionally con icting, approaches is actually possible.

From a generic point of view, it seems that any improvements in ray tracing and rasterization will
eventually result in converging to the same outcome from different sides of the spectrum; ef cient ray
tracing algorithms will increase in interactivity, while advanced rasterization techniques will improve
on quality. It is our opinion that, in the end, each one will in uence the other in such aspects, where
high quality interactive content will be a result of a hybrid form of rasterization and ray tracing, both
algorithmically as well as in hardware.

To conclude, despite the tremendous progress on the landscape of both elds, we hope that the
methodologies presented here have answered important questions and given rise to other, more interesting,
problems in some key areas with increased research interest, where high potential for software and
hardware improvements is feasible in the near future.
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Content Credits

In this section, we provide information regarding the content that has been used throughout this thesis:

The Sponza Atrium model (Crytek version), shown in Chapleaad5, was downloaded from
Crytek's website Cry].

The high resolution version of the decimated Lucy model, used in Chapieas obtained from the
Stanford University Computer Graphics Laboratdsyd.

The Cloth-ball simulation, in Chapté; was obtained from the model database of the GAMMA
Research Group at the University of North Carolikknib].

The Fairy Forest animation, used in Chapewas downloaded from Ingo Wald's 3D Animation
Repository at the University of Utatng].

The Smithy model, in Chapté&; was downloaded from Unity Technologies and is part of the The
Blacksmith Environments packagénial.

The Sponza Atrium model, shown in Chaptérand7, was downloaded from Morgan McGuire's
Computer Graphics ArchiveMor].

The Marie Rose animation model shown as part of the Candy scene, in Chaptes obtained
from the Sketchfab's model databa$k§.

Any remaining models, were created by the Computer Graphics Group at the Athens University of
Economics and BusinesB4g.
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