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Abstract

This thesis introduces a new method for simulating photon mapping in real-
time. The method usesa variety of both CPU and GPU basedalgorithms for
speedingup the dierent elemers in global illumination. The idea behind the
method is to calculate ead illumination elemen individually in a progressive
and e cien t manner. This has been done by analyzing the photon mapping
method and by selecting e cien t methods, either CPU based or GPU based,
which replacesthe original photon mapping algorithms. We have chosento
focus on the indirect illumination and the caustics.

In our method we rst divide the photon map into sewral photon maps in
order to make local updates possible. Then indirect illumination is added using
light mapsthat are selectively updated by using selective photon tracing on the
CPU. The nal gathering step is calculated by using fragment programs and
GPU basedmipmapping. Caustics are calculated by using photon tracing on
the CPU and the ltering which is performed on the GPU. Direct illumination
is calculated by using shading on the GPU.

We achieve real-time frame rates for simple sceneswith up to 133.000polygons.
The scenesinclude standard methods for re ection and refraction and hard
shadaws. Furthermore, the scenesnclude our methodsfor progressiely updated
causticsand progressiely updated indirect illumination. We have comparedthe
image quality of our method to the standard photon mapping method and the
results are very similar.






Resume

Denne afhandling introducerer en ny metode til at simulere photon mapping
i real-tid. Metoden bernytter bade CPU og GPU baseredealgoritmer for at
ge hastighedenfor udregningenaf de forskellige elemerier der indgar i global
illumination. ldeenbagmetodener at udregnehvert enkelt bidrag til denglobale
illuminations |sning individuelt og pa en progressivog e ektiv made. Dette er
opnaet ved at analyserephoton mapping metoden og for hvert skridt i metoden
er der udvalgt en e ektiv algoritme, enten baseretpa CPU'en eller GPU'en, til

at erstatte den originale photon mapping algoritme. Vi har valgt hovedsageligt
at fokuserepa indirekte belysning og kaustikker.

Vores methode indeb rer at photon mappet frst bliver inddelt i ere photon
maps for at gre det muligt at lave lokale opdateringer. Indirekte belysning
blivertilfjet vha. light mapssomselektivt bliver opdateret vha. selektiv photon
tracing pa CPU'en. Final gather bliver udregnetvha. fragmen programmer og
GPU baseretmipmapping. Kaustikker bliver udregnet vha. photon tracing pa
CPU'en og ltrering pa GPU'en. Den direkte belysning bliver udregnet vha.
shading pa GPU'en.

Vi har opnaset real-tids billedeopdatering for simple 3D scener med op til
133.000 polygoner. Scenerneindkluderer standard metoder for re ektioner,
refraktioner og harde skygger. Yderligerer bliver den indirekte belysning og
kaustikkerne opdateret progresivt. Vi har sammenlignet billedekvaliteten som
opnaesmed voresmethod med referencebilleder somer udregnetvha. standard
photon mapping og resultaterne er meget ens.
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Preface

This thesis has been produced at the Image Analysis and Computer Graphics
Group at Informatics and Mathematical Modelling (IMM) and submitted to the
Tedhnical University of Denmark (DTU), in partial ful lmen t of the require-
merts for the degreeof Doctor of Philosophy, Ph.D., in applied mathematics.

The working title of the project is "Collab orative Multi-user Virtual Environ-
ments”. One primary researt topic in this eld is to increasethe collaborative
aspects in multi-user environments. Another primary researt topic is to im-
prove the rendering speed and the image quality of 3D scenes. The researd
performed during the Ph.D. study cover these researt topics and a number
of projects that focus on speci ¢ problems have been carried out. One of the
projects is global illumination for real-time application which has becomethe
main topic of this thesis. The projects that have beencarried out but did not
t satisfactorily into this thesis are the following:

In [77] we demonstrate a multi-user collaborative 3D application in which it is
possibleto construct and modify a 3D scene.We uselLego bricks asan example.
It is possibleto interact with the 3D world from both a standard PC and from
a cellular phone. The project is titled: "Using Cellular Phonesto Interact
with Virtual Environments”, and was presenied as a technical sketch at the
SIGGRAPH Conferencein 2002. This is the secondversion of this application.
The rst was accessiblethrough a web-browser and was basedon VRML and
Java.

Another project is real-time terrain rendering. In this project we optimize the
rendering of large terrains. Our particular focus is to avoid "popping” when
switching betweenLevel of Details (LOD) in a manner that takesadvantage of
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modern graphics hardware. The project is titled: "Real-time Terrain Rendering
using Smooth Hardware Optimized Level of Detail" ([79]). It was presened at
the WSCG Conferencein 2003 and published in the Journal of WSCG 2003.

A third project focuseson improving the image quality of real-time soft shad-
ows. The penumbra region is calculated accurately by using two setsof shadov
volumes. The rendering utilizes per pixel operations, which are available on
modern graphics hardware, for calculating the penumbra regions. The project
is titled: "Boundary Correct Real-Time Soft Shadavs" [63]. It was preserted
at the Computer Graphics International 2004 Conference.

This thesis is mainly basedon the following work: "Optimizing Photon Map-
ping Using Multiple Photon Maps for Irradiance Estimates” ([78]) which was
preseried at the WSCG Conferencein 2003 and "Simulating Photon Mapping
for Real-time Applications" ([80]) which was preserted the Eurographics Sym-
posium on Rendering 2004. Someof the results in this thesis are currently not
published.

In order to read this thesisa prior knowledge of computer graphicsis necessary

Kgs. Lyngby, Septenber 2004

Bent Dalgaard Larsen
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Chapter 1

Intro duction

High visual realism has many important application areas. Theseareasinclude
applications sudch as games,virtual walk-throughs and 3D simulations. Visual
realism is very important in these applications but an even more important
property of these applications is that the imageshave to be renderedin real-
time. In the past it was necessaryto choosebetween either high visual realism
or real-time frame rates. Currently a uniting betweenthesetwo areasis taking
place. Many of the sametechniques are used both for real-time rendering and
when creating high quality images. This areais a very active area of researd
and in the following we will take a closerlook at the someof the achievemerts.

The illumination in an image does not have to be physically correct, although
the more physically correct the imagesare, the better. In particular this is true
for interior illumination. Calculating physically correct imagesis usually a very
challenging task both computationally and mathematically.

In the next sectionswe will take a closerlook at how one calculatesthe illumi-
nation in real-time applications.
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1.1 Global and Local lllumination

Local illumination is when a surfaceis shadedonly by using the properties of
the surfaceand the light. The structure of the rest of the sceneis not takeninto
accourt.

Global illumination is when a surfaceis shadedusing the properties of the sur-
face,the light and all light cortributions to this surfacefrom all other surfacesof
the scene.Adding global illumination improvesvisual realism comparedto only
using the local illumination. Although global illumination is a very important
e ect, it is mathematically di cult and computationally hard to calculate accu-
rately. The global illumination cortributions to a sample point can be divided
into a number of individual cortributions.

In Figure the dierent elemerns of calculating global illumination are de-
picted. Each of the elemeris will be described in more detail in the following.
One important property to note is that ead of the cortributions are indepen-
dert. This is a very important when calculating the illumination, asead of the
calculations can be performed individually and nally added together.

Scene
Ind_irec_t Shadoyv Direct c . Reflections
lllumination Calculation llumination austics Refractions

Merge
Image
Elements

Final Image

Figure 1.1: Elements in global illumination

The physically correct way to calculate an image would be to simulate the pro-
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cessof photons being emitted from a light sourceusing the physical properties of
the light and then simulating the interaction betweenthe atoms of the surfaces
and the photons.

The energyof a greenphoton is approximately 3:90e 193. The number of pho-
tons that would be necessaryto distribute from a 60 Watt bulb would therefore
be approximately 1:54e20 per second. Today it is possibleto trace approxi-
mately 1e6 photons per secondin a sceneconsisting of simple polygons. This
meansthat computers needto get approximately 1el4 times faster than they
are today to trace this scene.Assuming Moors law will be true for many years
to comeit will be possibleto trace this number of photons in approximately 100
years. Unfortunately it is substartially more complicated to simulate photon
interaction with a more realistic scenecontaining fabrics, organic structures and
animals. This meansthat it will take signi cantly longerto reac the computa-
tional power necessaryto handle such a scene.This leavesus with two options.
Either we can forget about calculating computer graphicsimagesor we can try
to nd approximations for calculating these imagesinstead. In this thesis we
have chosenthe latter approac.

1.2 Rendering Images

Currently two primary methods exist for rendering a 3D model, namely raster-
ization and ray tracing. Nevertheless,one of the most popular methods used
for rendering movies is the Reyesarchitecture [30]. Reyesis a method for split-

ting render primitiv es (e.g. triangles, NURBS and subdivision surfaces)into

elemerts that are smaller than the size of a pixel and then scanline converting

thesemicropolygons. This is the method usedin Pixar's o cial implemertation

of the RenderMan standard PRMan ([123, [52], [6]). Although this method is
very popular for movie production, it seemsthat the method is currently not
relevant for real-time graphics[96]. Furthermore, movie production is primarily

based on high level primitiv es like subdivision surfacesand NURBS, whereas
real-time rendering is almost exclusively utilizes triangles (both with regard to

rasterization and real-time ray tracing).

Currently there is an ongoingbattle betweenrasterization and ray tracing with
regard to which of the methods that is most appropriate for real-time graphics
[2]. Traditionally ray tracing hasonly beenconsidereduseful for non-interactive
rendering of very realistic images. Rasterization, on the other hand, has been
consideredmost appropriate for fast real-time applications with lessphotoreal-
istic requiremerts. But today ray tracing is becoming faster while the image
quality of rasterization is constartly beingimproved. The two methods have so
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to speak erntered into ead other's domains ([132], [102).

1.2.1 Ray Tracing

Ray tracing was rst presened by [7] and later improved by [143. It turned
out that many e ects were straight forward to calculate by using ray tracing.
In particular, shadowns are simple, as they only require an extra ray for eat
light sourceper pixel. In [3]] distributed ray tracing wasintroducedand it was
shown how to easily integrate over many dimensionssimultaneously in order to
adchieve e ects such as soft shadavs, motion blur and depth of eld.

The most time consumingpart of ray tracing is the ray-object intersection cal-
culations (although shading is also becoming a time consuming part ([131])).
One method that can be usedto optimize the ray tracing processis to cace
the results of previous frames and reusethesevalues. Sendingrays to the most
important areasin the image and then interpolate the rest is another optimiza-
tion method. Tricks like thesewill optimize the ray tracing processbut in many
circumstancesminor errors will occur. As aresult, it is therefore more desirable
to optimize the generalray tracing process([125]).

In computer graphics scenes,one of the most frequertly used primitiv esis the
triangle, and the algorithm to optimize is therefore the ray-triangle intersection
algorithm. This algorithm has been optimized heavily ([90], [5], [41], [111],
[125).

Completely avoiding the ray-triangle intersection calculation for a ray that does
not intersectthe triangle in any caseis of coursean even better alternative. This
can be accomplishedby storing the triangles in a spatial data structure ([55]
[85] [75]). In [55] a vast number of spatial structures are examined, and it is
arguedthat the optimal structure in many casesis the kd-tree (sometimesalso
called a BSP-tree). But generally the optimal spatial structure is dependert on
the nature of the scene.Consequetly, no single data-structure is the fastestin
all circumstances.

The very fast ray tracers depend on a static spatial structure.

Better spatial data-structures usually demandslonger pre-processingime. There
seemdo beatradeo betweenrenderingtime and preprocessing.Consequetly,
dynamic scenesare inherertly slow to render asthe spatial data structure con-
stantly needsto be rebuild. For this reasonoptimizing ray tracing for dynamic
sceness an active area of researd ([105,[132, [127], [82], [81]).
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Recerily, ray tracing has beenusedfor real-time rendering e.g. in [97]. In [132
it is demonstrated that in static sceneswith a very high polygon count and
given the special circumstance that all polygons are visible at the sametime,
ray tracing may even be faster than rasterization. The systemsdeveloped by the
group lead by Slusallek are all basedon clusters of PCs ([127], [12€], [13]] and
[129). While the systemdeweloped by Parker et al. is basedon a supercomputer

([97).

In [133 and [134] the Render Cache approad is described. In Render Cache the
ray tracing processis running in a separatethread than the display process.In
this way the frame rate is interactive while the image is progressiely updated.
When the viewpoint is changed,the points in the imageare reprojected by using
the new cameraposition. This will createimage artifacts and the occlusion may
be erroneouswhile the image is updated again. Nevertheless,the systemis at
all time interactive.

For sometime, the peopleof the demo scene([40]) have beencreating real-time
ray tracers running on standard PC hardware. It seemsthat many optimized
ray tracers with advancedfeaturesare currently being created by people of the
demo scene.Unfortunately information about their implemertations is scarce.

Recerily, it has been demonstrated that ray tracing can be implemented on
modern graphics hardware. In [99] it is proposedhow ray tracing may be per-
formed on future GPUs (Graphics ProcessingUnit), while in [19] the GPU is
used as a fast ray-triangle intersection engine (for a good discussionof these
approadcessee[125).

The fastest software ray tracers are thosethat build a clever optimization struc-
ture and only perform few ray-triangle intersections. Therefore, the ray tracers
implemerted on the graphics-card have not yet beenable to exceedthe perfor-
mance achieved by using just software ray tracers. This is becauseit has not
beenpossible,sofar, to implement optimal spatial data-structures on the GPU
([129). Howewer this might changein the future. Furthermore, graphics hard-
ware acceleratedray tracing implemertations are in someways limited by the
speedof graphicshardware. Currently the speedof graphicshardwareis increas-
ing much faster than the speedof CPUs ([3]). Therefore, it will be increasingly
more advantageousto usegraphics hardware implementations. Despite that, it
still hasto be proven that GPUs are the best option for ray tracing. Ray trac-
ing has also beenimplemented on the FPGA architecture ([109). An FPGA is
programmable and more exible in its architecture than the GPU. This FPGA
implemertation is very fast although it only runs at a low clock frequency (90
MHz). Converting this implementation to another architecture than the FPGA
would further increasethe speeddramatically.
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1.2.2 Rasterization

In the eighties and beginning of the nineties the developmert wasdriven by very
expensiwe Silicon Graphics systems, but later on the ewolution was driven by
graphics cards for the PC.

The improvemert in real-time 3D graphics has mainly been concenrated on
three areas: performance, features and quality ([3]). The performanceis mea-
suredin triangles per secondand in processedixel fragmerts per second. How-
ewver, at present bandwidth is one of the most important parameters. The fea-
tures are the visual e ects which it is possibleto simulate.

1.2.2.1 The Geometry Pip eline

The heart of rasterization is the geometry pipeline. The geometry pipeline
consistsof a number of steps. As input to the geometrypipelineare the geometry
and someparametersthat de ne how this geometry should be processed.In the
last step the geometry is rasterized, which meansthat the individual points
are connectedto display the desired geometry Each value is usually called a
fragment When a fragmert is displayed on the screen,it is termed a pixel. If
the fragmert is usedin atexture it is termed a texel An overview of the stepsis
givenin Figure[1.2 A much more thorough explanation of this processis given
in [5).

Over time more and more features have beenadded to the geometry pipeline.
Many features have been enabled and disabled by setting on/o ags in the
API's and by creating special variables for thesefeatures. This has beendone
in order to render more photo realistic images. But all these extra features
make it very complicated to develop the graphics cards becausemore and more
combinations of these ags exist. Many of the individual combinations needto
be handled individually and consequetly a combinatorial explosion has taken
place. Furthermore, dewelopers always want to have new very speci c features
in order to implemernt their new algorithm on the graphics card. Many of these
options only have limited use and would therefore never be implemerted on
graphics cards.

In order to solve the problems of the xed pipeline the programmable geome-
try pipeline was introduced [83]. Currently two of the stagesin the geometry
pipeline have been made programmable and it is very likely that more parts
will be made programmable in the future. The stagesthat are currently pro-
grammable are the vertex transformation stage and the fragmert processing
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|

Application

I

Transformation

I

Rasterisation

I

Fragment
shading

I

Image

|

Figure 1.2: Fixed Function Pipeline

stage. Many di erent nameshave been given to these two stages. The stage
where the vertices are transformed to camera spacehave been named Vertex
Shadersand Vertex Programs. In the following we will name these programs
Vertex Programs. The stage where fragmens are shaded have been named
Pixel Shaders Pixel Programs, Fragment Shadersand Fragment Programs. In
the following we will name these programs Fragment Programs. It seemsthat
the naming depends on the API that is being used, and the vendor which is
writing the documertation.

The parts in the graphicspipelinewhich have beensubstituted with programmable
elemerts can be seenin Figure[1.3.

Both vertex and fragment programs are created by using assenbly instructions.
In generalead assenbly instruction, whether it is a simple multiplication or a
squareroot, takesone clock cycle.

More and more functionality for 3D calculations has beenmoved from the CPU
to the graphics card. Often the processoron the graphics card is how termed
GPU asit has becomeas powerful and complex asthe CPU. Nevertheless,the
nature of the CPU is quite di erent from that of the CPU asthe CPU hasbeen
created to executeany type of program while the GPU has been created pri-
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Application

Figure 1.3: Programmable Pipeline

marily for rasterizing 3D geometry Often the GPU is called a stream processor
becauseit works on streamsof data. The GPU was dewelopedto processgraph-
ics although it can also perform general computations ([18]). Accordingly the
CPU and GPU ead excelin their own areaand they are not directly comparable
with respect to functionality and performance.

Previously, coding had to be done directly in the assenbly languagebut these
days one seesa shift to high level languages.One of the more popular high-level
languagesis Cg ([94] [86]). Cg is a languagebasedon C (C for graphics) but
with somemodi cations in order to make it more appropriate for graphicscards.
The creation of Cg wasevidertly inspired by the Rendermanstandard. Further-
more, Cg hasbeenconstructed in such a way that an optimized compiler creates
code that is asfast as handwritten assenbly code [10Z. Currently, more shad-
ing languagesare introduced but they all resenble Cg very closely These are
OpenGL ShadingLanguage([106], [73]) which is a vendorindependert OpenGL
shading languageand HLSL which is an extensionto Microsoft's DirectX. High
level languageshave many advantages comparedto assenbly languages. E.g.
high level languagesare faster to write and debug, and they are often compilable
on se\eral platforms. In this text we will only use Cg as this languageis much
more readablethan the assenbly language. For good overviews of the di erent
shading languagesand the ewlution of real-time shading languagessee[106]
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and [95].

1.2.2.2 Reections and Refractions

Re ections and refractions are straightforward to implemert by using ray trac-
ing. Implemerting thesee ects by using rasterization is on the other hand quite
dicult. Planar re ections which usesthe stencil bu er are described in [34],
[74] and [89], while planar re ections which usetexture mapping are described
in [89]. Currently oneof the most advancedexamplesof what is possiblewith re-
gard to re ections is presened in [92] where multiple re ections on both curved
and at surfacesis demonstrated. Refractions on the other hand can be approx-
imated by using programmable hardware [102] and although it may be possible
to produce visually corvincing images,the results are not 100% correct.

1.3 Ray Tracing versus Rasterization Discussion

Rasterization is easyto implement on graphics hardware as all that is needed
is a lot of hardware optimized vector arithmetic. Furthermore a pipeline is
also very suitable for hardware implemertation since dedicated hardware can
be made for eat step in the pipeline. Ray tracing, on the other hand, doesnot
naturally t into a pipeline. Sincethe ray tracing algorithm traversesthe ertire
data-structure for ead pixel, it is necessaryto have the 3D scenein graphics
hardware.

Hence there are a vast number of hardware acceleratedgraphics card on the
market for rasterization but few for ray tracing, although hardware accelerated
ray tracing is currently an active area of researt (10§, [109).

Even soray tracing has proven itself to be better than rasterization in special
circumstances([132), and only considering either ray tracing or rasterization
for real-time graphics will not be viable. Whether one should userasterization
or ray tracing in a real-time application dependson the nature or the applica-
tion. Despite that, rasterization is at preser the preferred real-time rendering
method.

As seenin Figure[1.1 calculating the direct illumination is a task separatedfrom
the calculation of causticsand indirect illumination. Whether to useray tracing
or rasterization for the direct illumination may therefore be independert from
choosingmethods usedfor other e ects. Howewer, in practice someof the e ects
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Ray tracing Rasterization
Complexity O(log n) o(n)
Constant High Low
Flat re e ctions Yes Yes
Curve d re e ctions Yes No/(Y es)
Arbitr ary re e ctions Yes No
Refractions Yes No
Suite d for parallelization Yes Yes (Vertex & Fragment programs)
Suite d for pipeline implementation No Yes

Table 1.1: Comparison of ray tracing and rasterization

may sharelarger or smaller implementation parts.

In Table[1.1 we have made a comparison of someof the features of ray tracing
and rasterization.

Someclaim that ray tracing is the physical correct way to render images. Ray
tracing is in some situations more physical correct than rasterization but the
only 100% physical correct way to simulate light is to simulate photons with
wavelengthsas described in a previous section.

It is easyto render a large scenein O(log n) by usingray tracing. Often a scene
is also renderedin O(logn) by using rasterization. But this is becausea lot of
auxiliary data structures are used. Theseare primarily level of detail algorithms
and culling algorithms [5]. Consequetly, it is easierto achieve O(logn) render
time by using ray tracing than by using rasterization. On the other hand, when
one has spend weekscreating a detailed model it only takes a few minutes to
insert the portals ([107).

Currently one of the hot questionsin real-time graphics is whether ray tracing
will replacerasterization asthe preferred method. This has beena very active
discussionarea and no consensushas beenreadced so far [2].

1.4 Shadows

Calculating shadaws is one of the oldest researt topics in computer graphics
throughout the yearsand it hasremaineda very active researd area. Recenly
it has become even more active becauseof the new programmable graphics
processors.

When one usesray tracing, it is straight forward to determine whether a sample
point is located in the shadov of a point light source. A ray is traced toward
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the light sourceand if an object is intersectedbeforethe light sourceis reached,
the samplepoint is located in shadawv ([143). If the light sourceis an arealight
source,a number of points on the arealight sourceare usedand again a ray is
traced from the samplepoint to the points on the light source. The percertage
of rays intersecting an object between the sample point and the light source
point determinesthe shadav percertage of the current pixel [31]. In order to
avoid artifacts when calculating shadows from arealight sources,a large number
of rays have to be traced.

Thesetwo straightforward processesalculate accurately hard shadavs and soft
shadaws, and they are generally consideredthe most accurate methods. The
only problem is that shadav ray tracing is currently too slow to be usedin
real-time. Evenfor movie production it hasbeenconsideredtoo slow [24]. Hard
shadaws are slow and soft shadowvs are many times slower becausemany more
rays have to be used. Often it is necessaryto use seeral hundred shadow rays
per light sourceto achieve smooth soft shadavs. In a scenewith seweral hundred
light sourcesmore than ten thousand shadaow rays will consequetly be needed.
Seweral approacesexist for reducing the number of shadowv ray, although this
is still an active researt area ([138, [65], [72], [43)]).

In generalthe researd in the real-time shadowv generationaims for faster meth-
ods that can replaceray tracing. All of these methods have shortcomings and
therefore a lot of researd has focusedon xing theseshortcomings. In general,
two goals have beenhigh rendering speedand high image quality.

The two dominant real-time shadov methods have beenvolume shadaving and
the shadov mapping.

The volume shadov method was introduced in [32]. This is a method where
a volume is created that surrounds the areathat is in shadov. The volume is
calculated by nding the cortour of the object that castsa shadav as seenfrom
the light source. Then the edgesin the contour are extruded in the direction
away from the light source. In [58] a hardware implemertation is described
which usesthe stencil bu er. The method can only be usedfor hard shadovs
but in [60] a technique is described that rendersthe shadav volume many times
and in this way the shadov can be made soft. Although this method is much
slower than the hard shadav version of volume shadaws, it is still faster than
traditional ray tracing. The hardware implemertation of the shadov volume
algorithm is problematic when the near viewing plane of the cameraintersects
with a shadav volume. Consequetly, the algorithm is not robust. This prob-
lem was solved recertly in [42]. In [42] a solution is demonstrated which is
equally fast as the previous method and only minimally more complex and it
may therefore be surprising that no one had comeup with this clever idea be-
fore. One shortcoming of shadav volumesis that the erntire shadav volume has
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to be drawn and the graphics pipeline consequetly becomesli-rate limited. In
[88], [84], [70] and [20] a number of techniques are presenied which reducesthe
ll-rate requiremert.

Another shortcomings of volume shadaws is that they work best for simple
objects with fewtriangles. Furthermore, the object shouldbe a closed2 manifold
which makesit simpler to calculate the silhouette (104, [88]). When objects
are more complex, it becomesharder and more time consumingto calculate the
shadav volume. In short, shadov volumes are best suited for relatively simple
objects.

The other dominant method is shadavs maps ([144]). The sceneis rendered
from the light, and a texture is createdthat contains the depth in the resulting
image. The depth corresponds to the distance to the nearest object. When
the sceneis rendered a lookup is made into the depth texture to determine
whether the current sample point is further away from the light sourcethan
the corresponding sample point in the depth texture. If so,the current sample
point is located in shadav. The problems with this algorithm are two types of
numerical problems. The rst is the resolution with which the sceneis rendered
from the point of light. The lower the resolution the more blocky the shadow
will be. The secondproblem is determining whether the current samplepixel is
in shadav, as a numerical accuracy problem occurs when making a lookup into
the depth texture. Many improvemens have beendeweloped for this algorithm
in order to overcomethese two problems. In [103 a method is proposed for
avoiding the numerical problems of the limited numerical accuracyin the depth
componert. In both [117] and [44] methods are suggestedor reducingthe blocky
appearanceof low resolution shadoav maps. This is done by using information
about the cameraposition. Near the cameraposition higher resolution is used
and further away lessresolution is used. In this way the texture is used more
e cien tly without increasingthe resolution. Recerily this approac has been
further re ned ([145, [87], [1], [22).

Only recertly shadov mapshave beenimplemented in commadity graphicshard-

ware. Real-time applications have therefore not beenable to utilize this tech-

nology. Howewer, a slightly modi ed version has becomequite popular instead,
namely the projective texture. This is again an image renderedfrom the point

of the light sourcebut only the shadav casting object is renderedand it is ren-
dered as purely black or grey and with no depth information. When the scene
is rendered the image is used as a standard texture, and it is then projected
onto the objects that should receive the shadav. The only problem is that the

object can not cast a shadav on itself. This hasbeensolved in [62] by dividing

the object into seweral convex objects.

In [20] a method that combinesshadav volumesand shadov mapsis intro duced.
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The advantage of this method is increasedspeedfor rendering shadav volumes
asthe high ll-rate requiremert of volume shadaws is removed by using shadov
maps for parts of the shadav regions.

Another method is to uselight maps ([16], [34]). Here a texture is applied to
a surface, and the shadowv (and light) at that location is pre-calculated. The
pre-computation can be made by using e.g. ray tracing or any other technique,
as long preprocessingtime is acceptable. Geometry with light maps can be
displayed very fast asit is only an extra texture that is applied to a surface. Be
that asit may, this approach can only be usedfor static geometry.

A few other methods have beendewveloped which are restricted to only casting
shadows on planar surfaces. The simplest is introduced in [15]. By using this
method, the 3D object is scaledto be completely at in the direction of the
planar surfaceand it is then drawn on top of this surface. A method that is
alsorestricted to planar surfacesis the one preserted in [51]. Here soft shadovs
are achieved but the shadaw is slightly larger than the correct shadav would
be, and the bigger the distance is betweenthe shadov caster and the shadav
receiver the more incorrect the shadav will be.

Higher quality soft shadawvs which can cast shadowns onto arbitrary surfacesare
currently a very active area of researt ( [4], [63], [11] [54]). The generalreal-
time soft shadawv approad is to use know hard shadav techniques like shadav
volumes or shadov maps and then extend these by using the advanced GPU
features.

In the near future it seemslike shadav maps will be the preferred real-time
shadav method becauseof its simplicity and its scalability ([104]).

Current real-time applications use one or seeral of these methods. Only very
few real-time researd applications useray basedshadav methods e.g. [132] and
[97]. To our knowledge, no commercial real-time application usesreal-time ray
basedshadaws these days.

The methods that are only able to create shadows on planar surfaceswere used
in many gamespreviously, but recertly, game dewelopers have begun to use
more advancedgeometry, and planar shadavs are seldomusedtoday.

Most gamestoday use either shadov volumes or shadov maps (or the simpler
projective textures). Most often light maps are usedfor static geometry,

Comparing shadav algorithms can be donewith respectto a number of parame-
ters. Someintuitiv e parameterswould be: The possibletypesof shadav casting
objects, the possibletypes of shadav receiving objects, and the quality of the
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Self Cast on Possible Shadow qualit y Speed
shadows | curved surface geometry

Ray tracing Yes Yes No limit Soft+Hard Slow
Projection Shadow No No No limit Hard Medium
Shadow Maps Yes Yes No limit Hard Medium
Projective Textur e (No) Yes No limit Hard Medium
Volume Shadow Yes Yes | If contour de ned Hard Medium
Light Maps Yes Yes Only static Hard+Soft Fast

Table 1.2: Comparison of shadav algorithms

shadaws.

The rst two concernthe type of objects that can cast a shadav and receive
a shadav using this method. The third parameter applies to the physically
correctnessor quality of the shadavs and whether the shadov method is able to
produce hard or soft shadavs. In general,the more physical correctnessand the
more generalobjects the shadav algorithm should be able to handle, the more
computation time is required in order to producethe shadowv. This is of course
a very generaldescription and not always ertirely true, but it can nevertheless
be usedas a rule of thumb.

Unfortunately, noneof the described shadav algorithms are superior to all others
with respect to the three parameterswhich are mentioned above. If that were
the case,only one of these algorithms would have to be implemented in any
application. When comparing the algorithms on a spectrum of features, eah
algorithm has advantages and disadvantages. In our opinion, it is not likely
that one of these algorithms in the near future will be superior to all other
algorithms. In Table[1.2 we have made a simpli ed comparison of the shadowv
algorithms described above. It is very hard to create a good comparisonasthe
shadawv algorithms are very varied and many features can be used. E.g. it is
hard to say which of the algorithms that is the most expensiwe with regards
to rendering time, asit dependson the scene. Nevertheless,we think that the
features we have chosenprovide a fair comparison.

1.5 Indirect Illlumination

Calculating the indirect illumination hasturned out to be the most time con-
suming part of rendering global illumination images. Indirect illumination is
the illumination originating from all other surfacesthan the light source. The
illumination of a samplepoint is therefore a function of the illumination of scene
elemerts visible in the hemisphereof the sample point. But the sample point
itself also cortribute to the illumination of all points visible in its hemisphere.
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This recursive dependency makes it very hard and most often impossible to
create an explicit formula for the illumination at a sample point.

Sewral approadies exist for calculating the indirect light. The rst method

proposedwasradiosity ([49]). Later a more generalmethod namely path-tracing

has beenproposed([69]). Path tracing still stands asthe most correct way of

calculating the illumination in animage. However the algorithm corvergesvery

slowly. Accordingly, path-tracing quickly becomedmpractically for larger scenes
and more complicated illumination models. For that reason,radiosity was for

a period the method of choice, although it is not as general and accurate as
path-tracing. The problem with radiosity is that it is very dependert on the

complexity of the scene. The time complexity is O(n?) where n is the number
of patchesin the scene. This implies that asthe scenegrows, the method also
becomesmore and more impractical. Furthermore, when using the radiosity

method, it is necessaryto re ne the meshwherelighting changesasthe lighting

information is stored directly in the mesh([53], [57], [61]). This re ning makes
the complexity of the algorithm grow even more. Another issueis that radiosity

is restricted primarily to di use interre ections.

Density estimation ([110) hasbeeninvented asa method for calculating global
illumination without the need for meshing. (Pseudo) photons are distributed
from the light sourceand stored in a data-structure. The nal illumination at a
samplepoint is found by calculating the density of photons at the sampleloca-
tion. Although this method is fairly accurate, a substartial number of photons
are required to calculate an image without noise,and it is almost impossibleto
eliminate the noise completely.

Independertly of this approad, photon mapping has been developed and in-
troducedin ([67] and [65]). The main idea in photon mapping is to divide the
dierent e ects shown in Figure [1.1 into separate parts. Each of these parts
is then calculated separately By carefully separating these parts, we are guar-
anteed that all e ects are included and that no e ect is included twice. The
indirect illumination is calculated similarly to the density estimation technique,
but a nal gather stepis added. Final gathering is an integration over the hemi-
sphere, and it is described in greater details in Chapter [5. The advantage of
using the nal gather stepis that far fewer photons have to be distributed, the
noiseis reducedand the remaining noiseis of low frequency This noiseis more
pleasingto the eye than high frequencynoise. From radiosity method, it is well
known that the nal gather step removesmuch of the noise[27].

The nal gather step as used when calculating indirect illumination is the
most computational expensiwe step both in photon mapping and radiosity even
though both methods can be usedwithout this nal gather step. When using
radiosity, this step can be optimized by using hardware acceleration ([28]). In
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Monte Carlo Path Tracing Radiosit y Photon map
Mesh dependent No Yes No
Exploits caching No Yes Yes
Types of il lumination All Only diuse All

Table 1.3: Comparison of methods for calculating indirect illumination

Chapter [11 we demonstrate how it is possibleto hardware acceleratethe nal
gather step in photon mapping.

As the nal gathering step is very costly, photon mapping is a very slow algo-
rithm in its naive implementation. But a vast number of methods have been
developed for speedingup the process([66], [118], [23]). A key optimization is
to usea fast ray tracer astracing raysis part of the 'inner loop' of the algorithm.

In Table1.3 someof the methods for calculating indirect illumination are com-
pared.

As illumination changesover time it is necessaryto recompute the ertire illu-
mination in the scene. In Chapter [8 we introduce a method which makes it
possibleonly to recompute the irradiance at selectedlocations.

1.6 Using Indirect lllumination in Real-time Ap-
plications

In most real-time applications hardware rasterization is the method of choicefor
creating images. When we want to visualize the indirect illumination only two
options currently exists. The rst method is to apply a texture to the surface.
By using this method the light at the texel certers is calculated and stored in
the texture (this is often called baking). When the sceneis drawn, the texture
is modulated with the surfacetextures or the vertex colors. The secondmethod
is to store the illumination in the vertices and then blend the vertex colorswith
the textures usedon the surfaces. Thesetwo methods have seeral positive and
negative sides.

When a texture is applied the texture coordinates have to be calculated. This
can be done manually by using a 3D modelling tool or it can be done automat-
ically ([45]).

The texture should be applied to the geometryin such a way that the resulting
texel-sizesare nearly the sameall over the model. What is more, the texture
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should be applied in such a way that there is a smooth interpolation across
polygon boundaries. The textures on the polygons should t nicely together.
How textures are tted to a model is a very active area of researty nowadays.

Using verticesfor storing the illumination hasthe weaknesghat enoughvertices
must be addedfor the illumination to be accurate enough. Indirect illumination
can either be a high frequency or a low frequency function. Only few vertices
needto be usedin order to capture a low frequencyfunction while many vertices
needto be presen to capture a high frequency function.

In someof the current gaming platforms (e.g. playstation 2) it is usually not
possibleto usetexture mapsfor storing the illumination information. Although
texture maps are presen, the hardware design prevent the use of illumination
texture. This makes vertices the only possibility for storing the illumination.
The modelerstherefore have to place vertices at all locations where the lighting
changes. Although this soundsrather complicated it seemsto be the standard
when dewveloping games([107)).

1.7 Caustics

Caustics arise when a photon hits a di use surfaceafter having beenspecularly
re ected or refracted one or seweral times directly or indirectly from the light
source. The most generalway to solve global illumination is to usepath tracing
as preseried in [69. In this method, all rays originates from the eye point
and it is hard to capture caustics accurately. The reasonis that causticsis a
focusing phenomena. Better methods are bidirectional path tracing methods
([76], [124) asrays both originate from the light and from the eye. Specialized
methods that have solely been designedfor capturing caustics, has proven to
producethe bestresults. In [8] a method is preseried that traces photons from
the light, and when a di use surfaceis hit after one or more specular re ections
an energyamourt is storedin a texture structure. In [142], three rays are traced
from the light source simultaneously and they form a caustic polygon. When
these rays hit a di use surface, the intensity is determined by the area that
the polygon span. This approac does not work well when the di use caustic
receiving surface is complex. In [21] caustic photons are traced and energy
is deposited on the di use objects. Energy storing is donein image space,and
nally a ltering is performedin imagespace.In [67] and [65] a slightly dierent
approad is used. The photons are traced and stored in a kd-tree, and during
the reconstruction, a seardt for the nearestphotons is performed. This method
is currently consideredthe most accurate method for reconstructing caustics.
We will describe the method in more detail in Chapter [4. Real-time caustics
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have beenapproximated in [136 but the solution is limited to single specular
interaction and the method assumesthat the light sourcesare positioned far
away from the specular re ectors. Furthermore, they do not handle occlusion
betweenthe light sourceand the specular re ector. The quality of the caustics
are fairly low for interactive frame rates. Recerily, good quality caustics have
beenimplemented by using a fast ray tracer running up to 21 framesper second
on a setup with up to 18 dual processorPCs [50].

In Chapter /12 we proposea real-time method basedon photon mapping.

1.8 Real-time Global llumination

A fairly small number of methods for rendering real-time global illumination
have beenproduced. In the following, we will take a brief look at someof these
(for an good survey seealso [33], [12€] and Chapter 12 in [125]).

1.8.1 Progressiv e Up date of Global Illumination

In [122, a method for calculating interactive global illumination is described.
The sceneis renderedby using graphics hardware and the illumination is stored
in a hierarchical patch structure in object space. At rst, the top level is used
but basedon priorities calculated in camera spacethe patches are then sub-
divided. The illumination is calculated by using a path tracing algorithm and
the illumination of only 10to 100 patchescan be calculated per secondon eat
CPU. As aresult of this low number up to 16 CPUs are used. When the camera
or objects are moved quickly artifacts will occur. The illumination is stored in
vertices which makesthe method sensitive to the meshing. The method in [127
has some similarities with the Render Cache ([133, [134]) and the Holodedk
ray cadte ([137]) as the calculation of the illumination is decoupledfrom the
display process. Although, in Render Cache and the Holoded ray cade, the
calculations are performed in image spacewhile the calculations in [122] are
performedin object space.Another similar example of progressive image space
global illumination basedon progressiwe ray tracing is the method preserted in
[12] where discortin uities are tracked by using discortin uity edges.
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1.8.2 Instant Radiosit y

Instant Radiosity was introduced in [71]. In this method "big" photons are
traced from the light source(also called Virtual Point Lights). As ead photon

hits a surface,the intensity and newdirection of the bouncedphoton are handled
accordingto the BRDF of the surface. The clever part in this algorithm is that

a hardware light-source is placed at this intersection point, and then the scene
is rendered. On older hardware only eight hardware light sourcesare available.

Therefore, only a few of the photons are traced at ead frame. Each frame is
added to the accunulation bu er, and by combining the image over a number
of frames, the nal result is achieved. When a frame reachesa certain age, its

contribution will automatically be removed from the accurrulation buer. |If

the properties of the lights change,the scenewill gradually be modi ed in order
to reproduce the new lighting conditions. But if the elemers in the sceneare
moved or the camerachangesviewpoint, this will invalidate the corntent of the
accunulation buer, and the algorithm will need sometime to create a new
valid image.

On modern hardware, it is possibleto implement hardware lighting in both
vertex- and fragment-programs, and many morelights per frameis then possible.
Fragmert-programs calculate the lights more accurately, while vertex programs
will calculate the lights faster. With this approac, far fewer frames will be
necessaryfor the imageto cornverge. To our knowledgeno one hasimplemented
this yet.

1.8.3 Selective Photon Tracing

In [35] a number of photons are traced from the light sources. As a photon

bouncesof a surfacethe direction and energy of the bounced photon are han-

dled accordingto the BRDF of the surface. Nevertheless,only di use surfaces
are handled in their application. A xed number of photons are usedand these
photons are divided into groups. By using properties of the quasi-random se-
quencethe photons in ead group have very similar paths in the scene(see
Chapter (6] for more details on photon distribution by using Halton sequences).
By continuously retracing the primary photons and by recording which objects

these photons intersects with it is possibleto register changesin the scene. If

a changeis discovered, all photons from this group are re-traced using the old

scenecon guration, and when a photon bounceso a surfacethe photon energy
is subtracted from the nearestvertex. When the photons are traced at the new
scenecon guration, photon energiesare addedto the nearestvertex.
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As the illumination is stored in the vertices, the quality of the rendering is
dependert on the placemen of these vertices. More vertices in an area mean
more detailed light. On the other hand, if too many vertices are placedin an
area, aliasing will occur becauserelatively few photons are being used. One way
to avoid this is to calculate the illumination of a vertex by averaging over the
neighboring vertices.

In the implementation in [35] they use their new technique for the indirect
illumination. The direct illumination and the shadows are calculated by using
traditional hardware point lights and traditional hardware-acceleratedhard-
shadavs. The shadav method that they have usedis volume shadaws, although
any type of hardware-acceleratedshadov could have beenused.

In Chapter 9 we preseri a modi ed version of the QMC photon distribution
approad introducedin [71] and [35)].

1.8.4 Interactiv e Global lllumination

In [13( and [128 a method that is related to Instant Radiosity is used. The
method is often called Instant Global Illumination. "Big" photons are dis-
tributed from the light source and small light sourcesare created when the
photons bounce o the surfacesas in Instant Radiosity. In this way, a vast
number of light sourcesare created. The sceneis renderedby using ray tracing
on a cluster of traditional PCs ([13(). Sincea samplepoint is potentially illu-
minated by a huge number of light sources,it would be very expensiwe to trace
rays toward all these light-sources. Therefore, rays are cleverly sendto those
light sourcesthat have the highest probability of illuminating the current sam-
ple point ([128). No frame to frame coherenceare utilized, and all the indirect
illumination is completely recalculated for ead frame. The positive side of this
is that large parts of the scenecan be modi ed without any major latency for
the illumination calculations to cornverge. The negative side is that the indirect
illumination calculations are quite crude. In order to avoid the typical Monte
Carlo noisein their imagesa screenspace lter is used.

1.8.5 Photon Mapping on Programmable Graphics Hard-
ware

In [10Q full global illumination is calculated almost ertirely on the GPU. The
approadc usedis that of photon mapping. The direct illumination is calculated
by using ray tracing which is implemented on the graphics hardware. The
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photons are distributed from the light sourceand stored in texture maps. The
density estimates are calculated by lookups in the texture maps. The texture
maps are used as ordinary data-structures. In [10Q it is demonstrated how
to use the photons in the textures for both indirect light and caustics. The
number of traced photons is fairly low and the positions at which the photons
are stored are also slightly approximated. As this only runs in near real-time,
there is no remaining time for the expensive nal gathering step traditionally
usedin photon mapping. Therefore, high frequencynoiseappearsin the indirect
illumination. On the other hand the causticsare fairly accurate. The method
doesnot exploit frame-to-frame coherenceand that beingthe case,the solution
hasto be recalculatedfrom scratch wheneer the sceneor viewpoint is modi ed.
Currently CPU basedmethods are faster than this method. Nevertheless,it is
an interesting method with many new ideas which are likely to be improved
and further re ned asthe speedand features of the graphics cards rapidly are
improved.

1.9 Real-time Global Illumination Summary

In this intro duction we have looked at the di erent elemeris that all contribute
to a complete global illumination solution. We have described these elemens
and seenthat eadh elemen can be computed in di erent ways. We have espe-
cially focusedon methods that can be usedin real-time. We have alsodescribed
someelemerts that will be handled in the forthcoming chapters.

1.10 Analysis and Structure of this Thesis

As describedin this intro duction the elemerts that constitute global illumination
have been examined extensiwely in the literature. In that case,what are the
challengesleft and where is the room for improvemert? Many techniques have
beenpreseried which make global illumination faster or more accurate, but no
de nitiv e solution for real-time global illumination has beenintro duced.

Basedon our literature survey we believe that indirect illumination and caustics
are areasfor which there have not been developed a su cien t good real-time
solution for. Thesetwo e ects are characterized by seeral light bounces,which
meansthat the entire scenecan a ect any point. That is the property that
makesthem harder to calculate. In this thesis we will focus on creating a real-
time solution for thesee ects.



24 Intro duction

Many di erent kinds of strategieshave beenchosenfor calculating causticsand
indirect illumination as described in this introduction. For instance solving
caustics by using photon mapping is very di erent algorithmically from using
the texture lookup method described in [136. Also with regard to indirect
illumination, methods like e.g. radiosity and photon mapping are very di erent
in their nature, even though they solve the exact sameproblem. When creating
a new method, it can either be basedon existing methods or a completely new
concept. The area of global illumination is a well researtied area. We believe
that it is more likely that a good solution will build on known methods than on
entirely new concepts. It is thereforeimportant to look at the existing methods
and examine their strengths and weaknesses.

When examining indirect illumination, it is clear that it often doesnot change
over a short period of time, or change slowly. This suggeststhat coherence
can be usedin order to minimize the calculations per frame. Someof the real-

time techniquesthat have beenpresened do not useframe to frame coherence,
these are [100 and [12§. Instead they cortinuously recalculate the indirect

illumination. We believe that frame to frame coherenceas presened in e.g. [35]

and [127 is important in order to minimize the recalculation which is necessary
per frame.

In Chapter 6 we examinethe Quasi Monte Carlo sequencesvhich is one of the
building bricks in their selective update of the indirect illumination.

As described in this introduction GPUs have becomemore powerful and some
calculations can be performed on the graphics card with great advantages. But
the architecture of the GPU is very di erent from the architecture of the CPU.
Therefore, just porting an existing algorithm is not possible. In [10Q many of
the basic principles of photon mapping is implemented almost ertirely on the
GPU. Neverthelessthe method is slower and lessaccuratethan photon mapping
implemerted on the CPU. This shawsthat all the featuresand the speedof the
GPU do not automatically solve the problems of real-time global illumination.

We beliewve that if the GPU should be usedin real-time global illumination, it

should only be usedwhere the architecture of the GPU has advantagesover the
CPU. In Chapter [3 and Chapter[5 we look at algorithms where both graphics
hardware and software methods can be used.

Real-time global illumination has been presertied by using many parallel pro-
cessors([129, [127], [137]). We will not examine this area further but instead
we will try to dewelop a solution that can run on commadity hardware. Never-
theless,it may be that the architecture of the standard PC or game consolein
the future will contain many processors.In that casethe algorithms for using
many parallel processorswill be increasingly interesting.
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Photon mapping is implemented on graphics hardware in [10q. Although their
method is not real-time, we believe that it is possibleto dewelop a real-time
method basedon photon mapping. In Chapter |4 we will describe the photon
mapping algorithm in much more detail than in this introduction.

Distributing the photons more evenly e.g. by using Halton sequencesloeslower
the noise but it can not completely remaove it. Currently no real-time method
uses nal gathering. This may be because nal gathering is not necessaryor
becauseit is two expensive to calculate in real-time. Anyone who have tried to
implement photon mapping know that direct visualization of the photon density
estimateswill produce noisy images. Consequetly, something has to be done
with the noisein the images. Final gathering is one method for removing the
noisein the image, but it may not be the only one.

Images calculated by using radiosity does not cortain noise even though nal
gathering is not used. But radiosity hasother disadvantageswhich will discussed
in Chapter[4] Evenmethodsthat usesphoton distribution like Instant Radiosity
[71] and Instant Global Illumination [13( avoids high frequency noise without
the needfor nal gathering. This is achieved by using only few photons with
deterministic paths. However, using only few photons will lower the accuracy
of the solution.

We believe that nal gathering is a very important elemert when calculating
high quality indirect illumination. In Chapter 5 we will take a look at the
hemi-sphereintegral which is the basisof nal gathering.

In this introduction we have described many methods for solving global illu-
mination. Many of the methods have only been described very briey . Since
describingthoroughly all thesemethodswould be morethan could t into seweral
books we will only describe the elemers that are important for the Contribu-
tion Part. The intention is that the elemeris in the Theory Part should lead to
the new methods that are preserted in the Contribution Part.

In the Contribution Part our method for implementing photon mapping for real-
time applications will be preseried. Finally, a summary and a conclusion will
be given in the Conclusion Part.
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Chapter 2

lllumination Theory

llluminating a 3D sceneis a fundamental problem in computer graphics. lllu-
mination is what happenswhen a light sourcesud asthe sun or a lamp sends
out photons and objects are illuminated.

The math behind illumination is well understood, but unfortunately it is usually
tootime consumingto make thesecalculations accurately and most of the time it
is evenimpossible. In particular, it becomesproblematic when the requiremert
is that a 3D sceneshould beilluminated in real-time, but the problem alsoarises
in animations for movies. Therefore, all methods usedtoday for calculating the
illumination rely on approximations in oneway or the other. In general,the rule
is that the faster the imageshave to be generatedthe more approximations are
necessary But beforewe take a closerlook at someof theseapproximations, we
will take a closerlook at the illumination theory. By doing this, we will know
what approximations we must usein order to calculate the imagesfaster.

The rest of this chapter is about the illumination theory.
An overview of the symbols that will be introducedin this chapter can be seen

in Table[2|

An overview of the terms usedin Physics, Radiometry and Photometry can be
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Symbol | Name Unit
Q Spectral radiant enemgy | -
Q Radiant enemgy J
Radiant ux w= 2
[ Radiant intensity w
E Irr adiance %
M Radiant exitance =
B Radiosity =
L Radiance o
L Spectral radiance ]
Table 2.1: Symbols usedin Radiometry
Physics Radiometry Photometry
Energy Radiant Energy Luminous Energy
Flux (Power) Radiant Power Luminous Power
Flux Density Irradiance llluminance
Radiosity Luminance
Angular Flux Density | Radiance Luminance
Intensity Radiant Intensity | Luminous Intensity

Table 2.2: Termsusedin Physics, Radiometry and Photometry

seenin Table[2l In generalin this thesis we will usethe Radiometric terms.

The theory of illumination is divided into two categories,photometry and ra-
diometry. The di erence betweenthesetwo categoriesis that photometry is the
theory about perception of light while radiometry is the physicsof light. In the
following we will take a look at the physicsof light. This thesiswill not go into
details about the perception of light.

The basic element is a photon, which is a padket of energy (e ). This energyis
inversely proportional to the wavelength ( ) of its corresponding wave:

e = — (2.1)

The proportionality constart is Planck's constart (h = 6:6310 34Js), and the
constart c is the speedof light (in vacuum = 2997924587 ).
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The wavelength( ) of the photon is inversely proportional to its frequency( ).

f=c 2.2)

An important property of photonsis that two photons do not interact with ead
other. This is an important property when calculating the illumination asthe
ead photon or energy bundle can be handled individually .

Srectral radiant enegy Q is the energyin a number of photons which have the
samewavelength.

Q =ne (2.3)

Radiant energy (Q) is the energy of a number of photons regardlessof their
wavelength.

Z,
Q= Qd (2.4)

0

The visible spectra of wavelengthsare those having frequenciesin the rangefrom
380to 780 nanometersand usually only this interval is consideredin computer
graphics.

Radiant energyor radiant ux () isameasureof light energy o wing per unit
time through all points and in any direction. The ux is dependernt on the
wavelength, and therefore the notation should be , or even more precisely

should be in the range[; + ]. In the following we will write  without
specifying the wavelength. It is further noted that a given ux doesnot corre-
spond to a xed number of photons, asthe energy of a photon is dependert on
its frequency (as seenin Equation 2.4).

In most practical applications, the light is calculated at three di erent wave-
length, corresponding to red, greenand blue. This is an approximation as the
equations should of course be solved for in nitely many intervals in the range
from 380to 780 nanometers. Nevertheless,this approximation will be su cien t
for most applications. For someapplications it may be necessaryto use more
color bands. The famousCornell box hasin its speci cation 76 spectral re ection
coe cien ts for its materials ([49], [28], http://www.graphics.cornell.edu/online/b ox/).
This is calledmulti spectral rendering. However, in the end, all thesecolor bands
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have to be re-sampledto red, greenand blue as this is what current display de-
vices are capable of displaying. Still, a more accurate rendering is achieved by
using multi spectral rendering.

As photons travel at the speedof light, it seemsthat the illumination happens
instantaneously when light is switched on or o. This meansthat the ow
of light nds an equilibrium and does not change unlessthe ervironment is
modi ed.

On a surfacethis equilibrium can be described by using a consenation equation
which contains v e variables.

e light emitted from the surface.

i light coming from elsewherehitting the surface(ncident).
s light hitting the surfaceand o wing through it (streaming).
r light re ected on the surface.

a light that is absorled in the surface.

The ux consenation equation can now be expressedusing these v e variables:

et i= st 1+ a (2.5)

When radiant ux is consideredwith regard to a surface, it is called radiant
ux area density, ST. This term can be used both for in-scattered light and
re ected light. A more specic term for re ected radiant ux area density is
radiant exitance (M) or radiosity (B). The more speci c term for in-scattered
radiant ux areadensity is irr adiance (E).

2.1 Solid Angle

The direction (*) is a vector in 3D. The solid angle d~ correspondsto a patch
on a sphereand it is unitless. Although it is unitlessit is often termed steradian
and the unit usedis sr (there is 4 on a complete sphere,and 2 on a hemi-
sphere). Solid angle also exists in 2D whereit is an interval on the unit circle
(2 onacompletecircle). The areaon the unit sphereof d~ issin d d . When
describing the direction with regard to a surface,* is usually the vector in the
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Figure 2.1: De nition of normals and angles

outgoing direction and s the vector in the incoming direction. Both vectors
are pointing away from the surfaceand in the samedirection asthe normal (see
Figure [2.7).

2.2 Radiance

The total amount of energy leaving a surfacein all directions is measuredas
radiant ux area density. Radiance(L) is a subpart of this. Radiance is the
energythat leavesa surface,per unit projected areaof the surfaceper unit solid
angle of direction. Mathematically this can be expressedas:

d2
L= — 2.6
dAcos d! (2:6)
Radiance is one of the most important properties in computer graphics as it
states how much energyis leaving a point on a surfacein a particular direction.
When knowing this quantity it is possibleto illuminate a surface.

Another way of viewing radiance is to think about all the light incident on a
surface,and then only considerlight leaving the surfacein a particular direction.

But a point is approximated asan in nitesimal areawhich is the reasonfor the

dA factor in the equation. Likewise,the direction is also approximated as an

in nitesimal coned! . The cosinefactor is presen becausethe projected area
will be smaller as the direction of the coneis altered from the direction of the

surfacenormal. It is noted that the cosinefactor (cos ) also can be expressed
as(* n).

The ux can of coursethen again be calculated as an integration over the radi-



34 Illumination Theory

anceover all directions() and the area(A) multiplied by the cosinefactor.

Z Z

= L (x; +)cos d~dx (2.7)
A

Radianceis often expressedasL (x; ! ) meaningthat the radianceis a parameter
of a given point(x) and a given direction(*). A point has three degreesof
freedom and a direction has two degreesof freedom. Therefore, radiance is a
v e dimensional function.

Radiant intensity is the quartity of light in a particular direction going through
a surface.

2.3 Re ectance

Re ectance( ) is the relative amount of the incident light that is re ected. The
remaining light is either absorled or streaming (setting the emissionto zeroin
Equation [2.5). At a surfacepoint (x) this can be expressedas:

o

! (2.8)

0=

When setting the emissionto 0 it is clear from Equation 2.5 that (x) will be
in the range [0; 1] as all variables are positive.

2.4 BRDFs

The relationship betweenincoming light (E;) and outgoing light (L) at a point
(x) can be described using a function of three parameters. Theseparametersare
the point (x), the incoming direction of light (~% and the outgoing direction of
light (). This function (f) is called the Bidir ectional Re ectance Distribution
Function [9]]
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f(x 9= di.(x+)

~ dEi(x; +9) (9)

The function f hasto comply with two rules. As f is integrated over the hemi-
spherethe function hasto be lessthan or equal one. This is due to the rule of
energy presenation.

Z
fOgR9dr 0 1 (2.10)

for any point (x) and any direction (! ).

Another property of f is that the incoming and outgoing direction can be
swapped. This is called Helmholt reciprocity.

fOGRRY) = F(xHOH) (2.12)

A diuse surface(also known asLambertian surface)re ects incident light uni-
formly in all directions over the hemisphere. This meansthat a di use surface
looks the samefrom all viewing directions. In that casethe BRDF is a constart
function:

f(x; L0 +) = f,.g = constant (2.12)

If a surfaceis di use, it cansimplify many calculations e.g. the calculation of the
radiosity. A BRDF can either be an analytical formula or a measuredfunction.
A vast number of analytical formulas exist which approximate dierent types
of surfacese.g. Phong, Blinn, Ward, Cook-Torrance, Ashikmin etc. (a good
overview can be found in e.g. [46], [5], [48]). The BRDF of a surfacecan also
be measuredby using a physical device ([139).

When oneknows the BRDF of a surface,one can render most surfacescorrectly.
The assumption of the BRDF is that the energyleaving a point x is a function
of the in-scattered energyat that point. This assumptionis correct for surfaces
sudh as metal and rocks.
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Other types of materials as e.g. milk and skin do not not comply with this
assumption. In these materials the light energy enters the surface at a point
and it will most likely exit the surfaceat a nearby point. In order to describe
such surfaces,a more advancedfunction than the BRDF is necessary Hereit is
necessaryto usea BSSRDF ([91], [68]). Another type of surfaceis transparernt
surfaces. Thesecan be characterized by using two BTDFs (Bidirectional Trans-
mittance Distribution Function). A complete description needs2 BRDFs and
2 BTDFs, which can be gathered in a single BSDF (Bidirectional Scattering
Distribution Function).

Most BRDFs can not handle Fluores@nce, which when the re ected light hasa
di erent frequencythan the incoming light. Another e ects that is usually not

accourted for is phosphoes@ncg, which is when energyis stored and re-emitted
later.

2.5 Calculating the Radiance

In Equation we showved how to calculate the ux leaving a surface. The
radiance leaving a surfacepoint in a particular direction can be described as:

L=Le+L, (2.13)

Expressing the radiance as a function of the incident radiance and the BRDF
of the surfaceyields the following formula:

z
L %)= Le+ fOGRERILi(ROER) (R +9ar © (2.14)

This equation is also known as the Rendering Equation ([69]) although it was
originally introducedin a slightly dierent form.
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2.6 Describing the Path of Light

Photons originate from a light source. Before the photon nally erters the eye,
the path of the photon can be fairly complex. Hedkbert introducesa compact
notation for expressingthis ([56]).

The notation is de ned as follows:

L alight source
D adiuse surface
S a specular surface

E the eye

In order to describe multiple paths the symbols + ,*,? and j are introduced.
The meaning of these symbols are as follows:

+ oneor more
* zeroor more
? zeroor one

(ajb) either aor b

For instance the expressionL(S jD)+E meansthat the light hits one or more
surfacesthat are either di use or specular before hitting the eye. Caustics can
be described using the following expression:LS+DE .

2.7 Summary

In this chapter we have introduced many of the fundamertal properties of light.
This is just a brief introduction. For more information see[114), [6€], [37], [38].
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Chapter 3

Direct lllumination

As described in the introduction, the direct illumination for real-time applica-
tions can be calculated both by using ray tracing and by using rasterization.
Both of these methods compute the following equation:

Z
Lx;R) = fOCREHL 0GRS (n #9dr0 (3.1)

If we consideran arealight source,the expressiond~ can be expressedas:

Lo (RO +9dA°

*= T %2

(3.2)

Where dA' is the area of the light sourceand (x° x)? is the squareddistance
between the light sourceand the point being shaded. r° is the normal of the
light source(SeeFigure[3.1)

If the distance betweenthe arealight sourceand the objects illuminated by the
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X

Figure 3.1: Calculation of d~°

light sourceis large Equation can be approximated as:

(RO +9A°

LOG+)  f G ESR)LIG (R FO)W

(3.3)

This expressioncan be useddirectly in ray tracing and rasterization for evalu-
ating the direct light.

3.1 Ray tracing

By using ray tracing the shading code can be implemented in C as shown in
Figure This shaderimplements a Lambertian surface. The result of this
shadercan be seenon a samplescenein Figure[3.3
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Radiance shad€Vec samplepoint, // Point currently being shadel
Vec samplenormal, // Normal at samplepoint
Vec light_point , // Center of light source
Vec light_normal, // Normal of light source

Radiance L i, /I Radiance of the light
oat area, /I Area of the light source
Vec diuse ) /I Lamlertian coe cients

Vec dir = (light_point samplepoint).normalize();

oat dist = (light_point samplepoint).length();

Vec f = diuse /M_PI;

o at costheta = dot(samplenormal, dir);

oat cosphi = dot(light_-normal, dir);

return f L. costheta cosphi area/ (dist dist);

Figure 3.2: Shadingcode in C

3.2 Rasterization

The shading, which is demonstrated in Equation can also be implemented
by using rasterization. As the equation has to be evaluated per pixel it is
necessaryto implemert it in a fragment program. Some of the inputs to a
fragment program are most easily expressedn a vertex program, and then the
parametersare transferred to the fragment program.

A vertex program acceptstwo kinds of input variables, varying and uniform.
Varying variables are speci ¢ only to a single vertex while uniform variables are
valuesthat can be usedby all vertices. A vertex program can do any kind of
arithmetic on this vertex but in the end it must transform the vertex into the
canonical view space.

The fragment program is a program that is executedfor ead pixel that is drawn
to the screen. The fragmert program can acceptthe output variables from the
vertex program. But the only output form the vertex program is a color and a
depth that are written to the framebu er or any other bu er which is currently
active.

The code for implementing Equation [3.3 can be seenin Figure[3.4 This shader
is similar to the one described in [3.2 but the notation is Cg ([94], [86]). The
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Figure 3.3: A Cornell box with a bumpy o or renderedusing ray tracing imple-
mented with the code shawn in Figure 3.2

result of this shadercan be seenon a sample scenein Figure [3.5.

The scenein Figure3.3and[3.5hasabumpy o or and approximately 8000poly-
gons. The resolution is 512 times 512 pixels. Rendering the simple sceneusing
rasterization took 0.01 secondswhile rendering the sceneby using ray-tracing
took 2.5 secondson a Pertium 4, 2.4 GHz. It is probably possibleto optimize
both the ray tracing implementation and the rasterization implementation. Nev-
ertheless,it is likely that the timing di erences will still be approximately the
same.

It is noted that the shading of both ray tracing and rasterization is similar.

When rendering area light sourcesit is commonto use many sampleson the
light sourceand averagethese. This can be implemented by using ray tracing
and selectingrandom points on the light source. It can alsobe implemented by
using rasterization. In that casea number of image could be rendered and the
nal result would be an averageof theseimages,although other options exists
for implemerting this.

The surfacethat we choseto render was a simple Lambertian surfacebut using
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void vertex program( o at4 in_samplepoint : POSITION,
o at3 in_samplenormal:NORMAL ,

uniform o at4x4 modelview_proj,
out oat4 h_point: POSITION,

out o at3 samplepoint,
out o at3 samplenormal)

f
h_point = mul(model_.view_proj, in_samplepoint);
samplepoint = in_samplepoint.xyz;
samplenormal = in_samplenormal;

g

o at3 fragmentprogram( o at3 sample point,
0 at3 samplenormal,
o at3 light_point ,
o at3 light_normal,
oat3 L.,
oat area,
oat3 diuse ): COLOR

o at3 dir = (light_point samplepoint).normalize();
oat dist = (light_point samplepoint).length();

oat3 f = diuse/M_PI;

o at costheta = dot(samplenormal, dir);

oat cosphi = dot(light_normal, dir);

return f L. costheta cosphi area/ (dist dist);

Figure 3.4: Cg code for shading using a Lambertian surface and an area light
source.

textures or procedural textures will not changethe result ([39]). Currently there
are somelimitations to how complexthe shaderscan be in vertex and fragment
programs, but theselimitations are constartly being reduced.

Although much functionality is achieved by using the programmable pipeline, a
number of solutions for advancedrendering exist. They usethe xed function
pipeline. Rendering arbitrary BRDFs using the xed function pipeline is intro-
ducedin [59]. Here a few number of cubemapsare usedto factorize the general
BRDFs.
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Figure 3.5: A Cornell box renderedusing the code in shavn in Figure[3.4

In [29] the shadetree is introduced. The shadetree is the basisfor the Ren-
derMan shading languagewhich is an advancedwidely used shading language
([52]). In [98] a method is introduced which usesthe xed function pipeline
for approximating someof the RenderMan shading languagefeatures. This is
done by using multipass rendering where intermediate valuesare written to the
framebu er and modi ed seweral times. The modi cation is performed by ren-
dering the samegeometry over and over but using di erent textures for doing
mathematical operations directly in the framebu er. The disadvantage of this
approad is that the same geometry has to be rendered many times and this
can be quite costly. Although this multi passtechnique is quite powerful, it is
also somewhatlimited asonly somemathematical operations are possible.

3.3 Summary

In this chapter it hasbeendemonstratedthat ray tracing and rasterization can
be made to produce the sameresults. This is the casein many scenes. In
many situations it will therefore be equally valid to use either ray tracing or
rasterization.



Chapter 4

Photon Mapping

Photon mapping is a technique for calculating global illumination in a scene.lt
is a hybrid method that usesdi erent techniquesfor calculating the individual
cortributions described in Chapter|1. In the following, eat of the componerts
will be described.

4.1 Dividing the Incoming Radiance

The basic principle of photon mapping is to divide the incoming radiance into
a number of componerts which can be handled individually. The incoming
radiance at a sample point can be divided into three componerts (See also
Figure [1.7).

Lio 9 = Lig 06+ + Lic (6 +9 + Lig (% +9 (4.1)

where

Liy is the direct light, i.e. L(D]S)E
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Figure 4.1: Cornell box with both direct illumination, caustics and indirect
illumination

Lic is the caustics,i.e. L(S+)DE

Liq is the indirect light, i.e. L(DjS) D(SjD) + E

The direct illumination is calculated using traditional Whitted Style ray tracing

([143).

The causticsand indirect illumination parts are ead calculated separatelyin a
two step process.The rst stepis to distribute a number of pseudophotons from
the light source. The secondstep is the reconstruction phasewherethe photons
are usedto calculate the caustics and the indirect illumination. This step is
called the reconstruction becauseit only usesalready distributed energies.

In Figure 4.1 a Cornell box which contains both direct illumination, caustics
and indirect illumination is renderedusing photon mapping. In Figure 4.2 only
the direct illumination is displayed, in Figure[4.3 only the causticsare displayed
and in Figure /4.4 only the indirect illumination is displayed.

The indirect and caustic illumination are calculated from the photon maps by
using a density estimation technique. In the following, we will give a more
detailed description of this process.
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Figure 4.2: Cornell box with direct illumination and soft shadawvs

Figure 4.3: Cornell box with caustics
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Figure 4.4: Cornell box with indirect illumination

Q%@%Q

Figure 4.5: The processof calculating caustics using photon mapping.

NG

Figure 4.6: The processof calculating indirect illumination using photon map-
ping.
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4.2 Distributing  Photons

A light sourcehas a color and an amount of energy which it distributes to the
environment. In photon mapping, this energyamoun is divided into a number
of pseudophotons. Each of these photons are traced through the environment.
The initial direction of eat photon is dependent on the type of light source.

Photons are distributed twice from the light source. Once for the indirect illu-
mination photon map, and oncefor the caustic photon map. The photon map
method is designedin such a way that no light cortribution is counted twice
even though the light is calculated in many di erent ways.

4.2.1 Storing Photons in the Indirect Illlumination Photon
Map

As a photon is traced through the environment and intersects a surface, it is
necessaryto handle the intersection appropriately. If the surfaceis a specular
surface,the photon is not altered in any way but re ected or refracted according
to the BRDF of the surface. If the surfaceis diuse, the photon is stored
in the photon map used for the indirect illumination. Whether the photon
is terminated or re ected is determined by using a technique called Russian
Roulette ([116, [10] [66]). If it is determined that the photon is re ected, the
direction is chosenbasedon the BRDF of the surface. E.g. a di use surfacewill

re ect a photon in any direction on the hemispherewith equallikelihood. As the
Russian Roulette method terminates some photons, it is necessaryto re-scale
the power of other photonsin order not to remove energyfrom the system. The
energy of the photon is alsomodi ed by the BRDF of the surface. The Russian
Roulette method is usedin order to avoid very long photon paths where the
energy of the photon only contributes minimally to the nal result.

4.2.2 Storing Photons in the Caustic Photon Map

Caustics only occur when the photons rst hit a specular surface(e.g. a mirror
or glass) and then hit a diuse surface. Accordingly the paths that we are
interestedin are L (S+) DE (seeSection|2.6).

When the photons are distributed from the light source,all photonsthat do not
hit a specular surfaceasthe rst hit are ignored. If a photon hits a specular
surface, it is re ected or refracted according to the properties of the surface.
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When the photon then hits a non-specular surface, it is stored in the caustic
photon map.

An optimization to this schemeis not to trace photons in directions where no
specular surfacesare presen, ascausticsonly occur when photons intersect with
specular re ectors [66].

4.3 Density Estimation

Storing the photons can be done in any data-structure, but during the second
step of the photon mapping algorithm, the density needsto be found. The den-
sity of the photons is then usedto estimate the irradiance.

Density estimation is the processof nding the density at a specic point.
As the photons are distributed in 3D the probability of nding any photons
at a random 3D point is zero. Therefore techniques have to be usedto give a
measureof the density at a speci c position. Many di erent techniques exist
for this purpose([113). Currently, the most popular method is the N-nearest
neighbors method. A xed number of nearest neighbors are chosenand these
nearestphotons are found. The energy of all these photons is summedup and
divided by the areathat the photons span.

By using this method the outgoing radiance can be described in the following
way:

z

Lcr) = foortn T i06E)

dA;

p(X; !"p)

f(x; +° F)T (4.2)

p=1

The area which these photons span can be calculated in dierent ways. One
method is to use the convex hull of the photons. A faster but lessaccurate
method is to make a spherearound the photons. Sincespeedis very important,
asthe density hasto be calculated many times, the spheremethod is often the
method of choice.

Finding the N-nearest photons can be quite time consuming. Therefore, it is
desirableto store the photonsin a data-structure that makesqueriesfor the N-
nearestneighbors easy A kd-tree is fast to query for the N-nearest neighbors.
Therefore the kd-tree is traditionally the preferred data-structure. The fastest
kd-tree is the left-balanced kd-tree as it exploits cache-coherenceon the CPU
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Figure 4.7: Density estimate for the caustic

best ([14], [66], [17]).

4.4 Reconstructing the Caustics

The reconstruction of the caustics is done by using density estimatesin the
causticsphoton map at the current samplepoint (seeFigure [4.7). Causticsare
a high frequency e ect and many photons are therefore neededto reconstruct
the caustics accurately. In order to avoid blurred causticsit can be desirable
to use ltering together with the density estimates([66]). The Itering process
is a weighting of the photons where photons near the sample point is weighted
higher than photons further away from the sample point.

4.5 Reconstructing the Indirect lllumination

The indirect illumination is calculated usinga Monte Carlo based nal gathering
method (seeChapter[5 for more information on nal gathering methods). At the
samplepoint (y), at which the indirect illumination is calculated, a vast number
of rays are traced (usually 500-2000)(seeFigure [4.8). At ead hit location x,
the outgoing radiance is found. The outgoing radiance can be calculated by
using the irradiance and the BRDF of the surface. The irradiance is found
as described above by using density estimation. The outgoing radiance from
all these surfacesin the direction of the sample point is then usedto nd the
incoming irradiance at the sample point. This incoming radiance is then used
together with the BRDF of the surfaceof the samplepoint to nd the radiance
at the samplepoint (y). Thus the samplepoint is only illuminated by the light
of all other surfacesand not by the light of the light sources. Therefore it is
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y

Figure 4.8: Final gather for indirect illumination. A high number of rays are
distributed from the point being shaded

exactly the indirect light that is accourted for when one usesthis method.

If the indirect illumination is calculated directly by using the photons at the
samplelocation aswe do with the caustics,the image will be noisy. The reason
for this di erence in the reconstruction is that caustics are a high frequency
e ects while indirect illumination is a low frequency e ect.

4.6 Making Photon Mapping Useful

The basic photon mapping method as described above is very powerful but also
quite slow. In particular the nal gathering step of the indirect illumination
is slow. Therefore many methods have been deweloped to speed up photon
mapping. In the following we will describe the most important ones.

4.6.1 Pre-computed Density Estimates

In [23] a method for pre-computing density estimatesis preseried. When us-
ing the photon mapping method, the N-nearestneighbors hasto be calculated
numerous times during the nal gathering pass. For ead indirect illumina-
tion calculation between 200 and 5000rays needto be traced, and for ead hit
point, a density estimate which usesthe N-nearestneighbors in the kd-tree has
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to be calculated. In total, this givesa very high number of calculated density
estimates. Henceit is proposedin [23] that the density estimatesshould be pre-
calculated and stored at the photon positions. When one queriesfor the density
estimate at a given sample point, it is therefore only neededto nd the nearest
photon and read the pre-calculateddensity estimate. Furthermore, accordingto
[23], it is su cien t only to store pre-calculated density estimatesin every fourth
photon. This doesnot reducethe image quality.

4.6.2 Imp ortance Driv en Path Tracing using the Photon
Map

In order to lower the number of necessaryays to shoot during the nal gathering
pass, a technique for only sendingrays in important directions is preseried in
[64]. At the given sample point, a number of nearby photons are found. Then
it is examined from which directions these photons originate. This is possible
becausean incoming direction is stored alongwith the photons. The hemisphere
above the samplepoint is then divided into a number of cells. The more photons
that have arrived through a speci c cell the more important is the direction of
this cell for the illumination of the samplepoint. In this way the nal gathering
samplerays are distributed accordingto the incoming directions and the work is
concerrrated whereit matters the most. The method described above is called
an importance sampling technique (seeChapter 5/for more details on importance
sampling techniquesand nal gathering).

4.6.3 Controlling the Num ber of Photons

A very interesting question is: How many photons should be distributed from
the light source?This is not known beforehandand dependenson the geometry
of the scene. A method for cortrolling the number of photons to distribute is
proposedin [119. Here a number of importons are distributed from the eye-
point. Theseimportons are stored in a structure similar to the photon map.
Many importons in an area indicates that this areais important to the nal

image. When the photons are distributed, they are directed to the areaswhere
many importons are located, and only few photons are stored in areaswhere
the density of importons are low ([119], [119).
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Figure 4.9: Points where the irradiance is calculated when using irradiance
cading

4.6.4 Irradiance Caching

The nal gathering step when calculating the indirect illumination is the most
expensive. One method for speeding up this calculation is to use irradiance
caching. The method wasinitially preseried in [141]. The basicideais that the
irradiance only changesslowly and it cantherefore be su cien t to only calculate
the irradiance at selectedlocations and interpolate at positionsin betweenthese
points. Each point which is calculated can be usedby nearby points. Whether
the calculated value can be used depends on distancesto other surfaces. In
corners e.g. the distancesto other surfacesare small and the area where this
calculation can be used is therefore small. If the distance to other surfacesis
large, the calculated point canbe usedfurther away (seeFigure(4.9). The further
the distance to other surfacesthe larger the radius in which this irradiance is
valid. Also the validity or the calculated irradiance is dependert on the normal
of the point at which the radius was calculated and on the currently examined
point.

The algorithm savesthe irradiance valuesin an octree de ned in world space.
In Figure[4.9 an imageis displayed wherethe dots mark the points in which the
irradiance is calculated. The remaining irradiance valuesare interpolated.
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4.6.5 Irradiance Gradien ts

In [14Q the method is improved by adding the use of gradients. The values
neededto calculate the irradiance gradient are already available in the parame-
ters usedfor calculating the irradiance cade. Thusiit is not signi cantly more
costly to calculate the irradiance gradients, and it gives a signi cant quality
improvemen.

The quality of the imageis very dependen on the distance at which the irradi-
ancevaluesare calculated. This distanceis determined partly by the algorithm
and partly by a userde ned parameter.

The method is further improved in [115. In this paper it is shavn how one can
nd better positions for calculating the irradiance estimates.

As the irradiance estimatesare interpolated, it is only possibleto usethe irra-
diance cache for di use surfaces.

4.6.6 Photon Mapping and Mo vie Pro duction

Global illumination is rarely usedin movie production. This is mainly due
to two reasons. First, global illumination has previously been fairly slow to
calculate and secondlyglobal illumination takesaway the artistic freedom, since
ewverything has to be physically correct. In [24] it is demonstrated that even
though photon mapping is a physically correct calculation method, it can also
create imagesthat are tweaked for artistic purposes. Movie scenesare often
huge and these scenesdoesnot t into memory. It is only possibleto render
these scenesusing advanced cacing schemes([26]). The indirect illumination
will therefore also be very complex. A method for handling very complex and
detailed indirect illumination that doesnot t in memory is preseried in [25].
The rst movie that usesglobal illumination in large scaleis Shrek 11 ([121]).
In this movie photon mapping is not used. Instead a simple one bounceindirect
illumination sdeme is used. Researt in global illumination for movies will
probably be a very active areain the near future.

4.7 Discussion

Comparedto other methodsthat solvesthe rendering equation, photon mapping
has seweral advantages.
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Radiosity depends on the calculation of light transfer between all patches (A
patch is often identical to a polygon) which meansthe complexity can be ap-
proximated as O(n?) (Where n is the number of patches). Often the number of
patchesis increasedwhile calculating the solution in order to increasethe accu-
racy of the illumination ([53]). This makesradiosity a poor choice for very large
scenese.g. a fractal scenewould be very hard or impossibleto solve by using
radiosity. On the other hand photon mapping is meshing independen as the
photons are stored in a separatedata structure. In complex scenesgood global
illumination can be achieved by using fewer photons than triangles. Further-
more, radiosity is most appropriate for calculating the light transfer between
perfectly di use surfaces. Radiosity can be combined with ray tracing in order
to account for specular surfaces.Be that asit may, radiosity is not suited for cal-
culating light transfer between non-di use surfaces. Caustics are furthermore
not possible when one usesradiosity. Finally, the complex transport of light
interaction with glasssurfacescan be impossibleto simulate using radiosity.

Monte Carlo path tracing is usually consideredthe most correct method for
calculating global illumination. It is unbiased, and given any scene,it will
produce the correct result ([9]). Even though path-tracing will produce the
correct result, the time for the solution to corverge will often be too long for
practical purposes. Therefore, path tracing will often be of a more theoretical
interest than of practical use. Caustics are particularly hard for path-tracing
to capture accurately. On the other hand, path tracing is a very good tool
for verifying whether an image which is calculated by using another method
is correct, becauseeven though it will take longer to calculate the image, it is
guararteed that the result will be correct.

Bidirectional path tracing ([76]) is similar to path tracing exceptthat rays are
traced both from the light sourceand from the eye. The advantage of it, com-
pared to traditional path tracing, is that somee ects, as for instance caustics,
are easierto calculate when tracing from the light source. The problem with
bidirectional path tracing is the same as with path tracing, namely that the
imagesare noisy unlessenough samplesare used.



Chapter 5

The Hemisphere Integral

One of the most important expressionsto evaluate in global illumination is
the expressionthat calculatesthe total incoming light (Irradiance) at a speci c
point and usesthis incoming light to calculate the outgoing light (Radiance).
The integral is the following:

z z
Lx;R) = fORERAEGEY = O RSH)LiG 9 (n 29d1 0 (5.1)

This integral integrates over the hemisphere(seeFigure [5.1). Only in very rare
circumstancesis it possibleto solwe this integral analytically and accordingly
this usually not considereda viable option. In the following, we will describe two
di erent strategies of solving this equation. The rst is a Monte Carlo method
basedon ray tracing, while the secondis a hardware optimized method based
on rasterization.
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Figure 5.1: The hemisphere.

Figure 5.2: A sampleon the hemisphere
5.1 Monte Carlo Integration

Monte Carlo integration is usually the default method for solving this integral.
When using Monte Carlo integration, a number of samplesare evaluated, and
the integral is solved by using these samplesas an approximation (see[37] for
more information on Monte Carlo methods). A samplein our caseis a ray which
is traced from the samplepoint x in any direction on the hemisphere(seeFigure
5.2).

The most obvious method may be to uniformly distribute the rays on the hemi-
sphere. This is called blind Monte Carlo. But often this will not be an optimal
strategy. Tracing a ray is expensiwe and it can therefore be desirable to mini-
mize the number of sample rays neededin order to reach a satisfactory image
quality.

By looking at the expressionwe are integrating, a number of strategiescan be
used for minimizing the number of rays needed([37]). All the methods are
called importance sampling technigues as the directions of most importance to
the nal appearanceof the point are sampledmore intensively. These methods
are alsocalled informed Monte Carlo. In the following ead of the expressionsn
Equation 5.1 will briey be described in order to nd a more optimal sampling
strategy.

f (x; *% &) This part is the BRDF (as described in Section2.4). If the BRDF



5.2 The Hemi-cube 59

represens a highly specular surface, it is only a very limited number of
directions that contribute to the nal appearanceof the surface. It is
therefore optimal to sample these directions more intensively than other
directions. For a diuse surface, the BRDF is a constart, and in this
caseall sampling directions will be equally good. But in all other circum-
stances,somedirections are more important to the nal appearancethan
others.

Li(x; *9 This is the incoming radiance. The incoming radiance usually varies
over the hemisphere. It is therefore desirableto sample the brighter di-
rections more intensively than the darker directions. The problem is to
determine what directions to sample from before actually sampling. By
using photon mapping this is possible as the photons near the sample
point x are examined and accordingly their incoming directions indicate
what directions the highest light contribution originates from. See[64] for
more details.

n 0 The cosineexpressionstatesthat light at normal incidenceto the surface
contributes more to the nal appearanceof the surfacethan light almost
perpendicular to the surface. It will therefore be desirableto sample or-
thogonal light more intensively than perpendicular light.

Thesedi erent strategies can ead be usedindependertly or they can be com-
bined as desired.

In order to useimportance sampling, a PDF (Probabilit y Density Function) is
needed. For more information on using and creating a PDF see[37].

5.2 The Hemi-cub e

The hemi-cube is a hardware accelerationtechnique basedon rasterization that
canbe usedto calculate the integral in Equation [5.1([28]). As it is not possible
to rasterize onto a hemi-sphere,a hemi-cube is used instead (see Figure [5.3).
This is described in the following.

The hemi-cube is placed with the samplepoint x asthe certer. Then the scene
is projected onto eadh of the 5 surfacesof the cube. This can be done by
interpreting ead of the 5 surfaceasimage-planesand then setting up a viewing
where the eye-point is the certer of the hemi-cube and the rest of the viewing
parametersare set up to project onto the surfacesof the hemi-cube. The scene
is in this way rendered5 times. The incoming radiancein a speci ¢ direction is
de ned by using the color in the fragment bu er on a given hemi-cube surface.
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The areaon the hemispherethat a fragment on the top surfaceof the hemi-cube
spansis de ned as:

1

An = (x2+ y2 + 1)2

A (5.2)

Where Ay, is the area of the hemisphereand A; is the area of the fragmen.
The (x; y) componerts are the distancesfrom the certer of the hemi-cube.

The areaon the hemispherethat a fragmert on one of the side surfacesof the
hemi-cube spansis de ned as:

Z
R v A (5.3)

Again Ay, is the areaof the hemisphereand A; is the areaof the fragmen. The
y componert is the distance of the plane from the certer while z is the height
of the fragment from the ground surface.

By using thesevaluesand the BRDF it is now possibleto calculate the integral
in Equation 5.1

One of the expensiwe stepsin the hemi-cube method is to read the fragmerts
in the image planes bad from the frame bu er and to multiply ead of these
fragment valueswith the BRDF. The fractional areathat ead of the fragmerts
span as de ned in Equation [11.2 and Equation [5.3. An optimization to this
problem will be described in Chapter 11

Figure 5.3: The hemi-cube.
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5.2.1 Optimizing the Hemi-cub e

In [117 a method for calculating the integral over the hemisphereis presened
which is related to the hemi-cube method. This method is basedon the hemi-
cube method but it only utilizes one plane instead of v e planes. As this ap-
proach doesnot create a solution which coversthe ertire hemisphere,the result
will not be accurate. But by changing the size of the plane, it is possibleto
reducethis inaccuracy, even though it is not possibleto remove it (seeFigure

5.4).

Figure 5.4: Final gathering using a single plane

In [47] an optimized method for calculating an environment map is presered.
Instead of using a cubic environment map, a tetrahedron is proposedinstead.
In this way, the number of image planesfor rendering is reducedfrom six sides
to four sides. This tetrahedron map could also be usedto integrate over the
hemisphereas with a hemi-cube. In this casethe number of sideswould be
three which is two fewer than with the hemi-cube. Compared to the single
plane method described above, this method is more accurate ascoversthe ertire
hemisphere.

5.3 Discussion

When calculating the hemisphereintegral it is not obvious whether to use a
Monte Carlo basedmethod or a hemi-cube method. What to choosedependson
the nature of the sceneand the surface. The hemi-cube samplesthe hemisphere
fairly uniform which in somecasesmay be desirable, especially if the surfaces
are di use. Therefore the hemi-cube method is desirablewhen the surfacesare
perfectly diuse. For a perfectly specular surface the hemi-cube method is of
little or no useasit may be that no samplesare taken in the exact specular
direction. This is becauseimportance sampling does not work well together
with the hemi-cube method. Monte Carlo based methods on the other hand
are very general approaciesthat can handle all surfacese ectiv e although in
many casesit is not as e ectiv e as the hemi-cube method. It can therefore be
concludedthat neither of these methods are superior in all cases.
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Chapter 6

Halton Sequences

Sometimesthe purposeof using random numbersis that eath number should be
equally random, but for other purposesit is more important that the numbers
coversan interval uniformly. Halton sequencegan be usedasrandom numbers,
and although they are deterministic, they cover the interval uniformly. This
type of sequencds also called a quasi-Monte-Carlo sequencg QMC).

6.1 De nition of Halton Sequences

In technical terms a Halton sequenceis called a reverseradix-based sequence.
The radical inverse function is used to obtain a number in the interval [0;1]
from an integer number. The radical inverse (i) is the number obtained by
expressingi in baseb, then reversing the order of the resulting digit sequence,
and then placing the oating point at the sequencebeginning:

s , R .
oi)= @bl b, i= a(i)p (6.1)
j=0 i=0

where g; (i) are subsequen digits of i.
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The bestway to describethis function is by somesimple examples.In basel0the
radical inverseof the number 1234is 0.4321. This is expressedas 1¢(1234)=
0:4321. A few other examplesare 10(524) = 0:425, 15(2) = 0:2and 19(23) =
0:32.

The baseb is the number generating the sequence.The sequencecontin uously
subdivide the open endedunit interval [0;1[. The rst b numbers are ;—) These
b numbers divide the interval into equally sized subintervals. This is called
the rst level. The secondlevel is the next b  b' numbers, which divide eath
subinterval into bnewintervals. The next b®> ? numbersare the third interval.
Thesenumbersagain divide the intervalsinto new equally sizedintervals. There
is no limit to the number of possiblelevels.

The sequencedor base?2 is:

fO, == === == = == =—=0 (6.2)

It is easily obsened that a standard Halton sequences far from random. But
the sequenceis highly uniform as long as ertire levels are used. In order to
achieve more randomnessin the Halton sequencetechniques sud as leaping,
scranbling, and shuing can be used ([139).

6.2 Multiple Dimensions

When creating numbersin higher dimensions,it is important that the dierent
dimensions are uncorrelated. Only if they are uncorrelated will the numbers
will be distributed uniformly in the s-dimensional space[0;1[®

By choosing prime Halton bases,e.g. base2 and base3, uncorrelated 2D points
can be generated(seeFigure 6.1). It is clearthat thesenumbersare distributed
more uniformly than numbers generatedby using a traditional random number
generator (see Figure [6.2). The numbers in are generated by using the
drand48() function.

An interesting property of Halton sequencess that it is simple to divide the
numbers into non overlapping intervals. Using the base?2 and the rst level
as dividers, the numbersin the levels which are greater than 1 can be divided
into the intervals [O; %[ and [%; 1[. For base3, level 1 will divide the remaining
numbers into 3 intervals. Using base2 and base 3 in 2D, 6 non overlapping
areascan be created (seeFigure 6.3).
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Figure 6.1: Points generatedusing Halton sequencesith base2 and 3.

Figure 6.2: Points generatedusing random numbers.

6.3 Distributing Photons Using Halton Sequences

Distributing photons from a light sourceis usually done by generating two ran-
dom numbers and corverting theseto a direction. From a point light sourcethe
corversionwill be asfollows:

:ps
=2r,

Where and de nes the direction while r; and r, are random numbersin the
interval [0; 1].
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Figure 6.3: A 2D areadivided into 6 groups. Half of the groups are omitted.
From an arealight sourcethe conversionwill be the following:

= acog” 72)
=2r;

Halton sequencescan be used instead of random numbers. This will cause
the photons to be distributed more evenly, and in many casesit will create
illumination with lessnoise.

Another feature when using Halton sequencess that it is simple to divide the
photons into a number of groups with the sameamourt of photons (as demon-
strated in Figure[6.3). This feature is exploited in [35]. Here the photons are
divided into a number of groups, and when the sceneis modi ed, only photons
from selectedgroups are redistributed. We will introduce a new method for
exploiting Halton sequencedor redistributing photons in Chapter [9.
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Contributions






Chapter 7

Problem Analysis

In the previous part we have described selectedelemeris that can be used for
calculating global illumination. In this part, we will extend and combine these
methodsin order to developa method for calculating global illumination for real-
time applications. We will baseour techniques primarily on photon mapping.

The rst obvious option for increasingthe speed of photon mapping would be
to usemore CPUs. This approach works well with ray-tracing asit is easyto
parallelize ([132). The problem with photon mapping is that it is a two pass
algorithm and that it queriesand updates global data structures. If the photon
distribution phaseis to be parallelized eat of the CPUs should run a program
that distributes a number of photons. When this distribution is over the global
photon map should be built. But then all the traced photons on eath CPU
should be distributed to all other CPUs, and then the photon maps should be
build on all CPUs asit is not possibleto build only selectedparts of the photon
map. Becauseof the problemsin the photon distribution phaseis not directly
suited for parallelization. Howewer, a solution for calculating caustics by using
photon mapping in a distributed setup has been demonstrated [50]. No suc
solution hasyet beendemonstratedfor indirect illumination. The secondphase
of photon mapping is better suited for parallelization. But becauseof the nature
of the rst phaseof photon mapping, it is currently not possibleto approac
real-time speedfor the indirect illumination just by parallelizing.
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Mapping the entire photon mapping method to GPUs, as donein [10(Q, is an-
other option. But as described in the introduction, this approad is currently
slower than photon mapping implemerted in software, and also producesa poor
image quality. We believe the lack of speedand image quality is causedby the
di erence in nature of the CPU and GPU.

Distributing the photons can either be doneinstantly or progressiely. In [13(

and [71]] all the photons are distributed ead frame. This is possible because
only few photons are used. In [35 the photons are distributed progressiwely.

They use a very high number of photons which is necessarybecausethey use
the photons for direct visualization of the indirect illumination. If all photons
should be distributed ead frame it would be very time consuming. Furthermore

it would seemwasteful as almost all the photons would follow the exact same
path asthey did in the last frame. Consequetly, we will aim for a solution that

exploits frame to frame coherence. On disadvantage of the solution preserted

in [35] is that it is necessaryto store old scenecon gurations. We will discuss
a solution for this in Chapter[9

Updating indirect illumination can either be done instantaneously or progres-
sively by using frame to frame coherence. In [13(] the updates are calculated
instantaneously but in their solution they are using a cluster of PCs and the
quality of the imagesare decreased.In [10Q the indirect illumination is updated
instantaneously but image quality is also low and it is not real-time. Usually
the indirect illumination changesslowly in a sceneit is therefore an attractiv e
property to exploit. When using this approad the illumination is updated
progressiely. This is donein e.g. [35] and [122].

The progressive update of the illumination can either based on image space
updates or object spaceupdates. Examples of progressive image spaceupdates
are [137], [133 and [134. Examples of progressie object spacealgorithms are
[35] and [122.

It is clearthat instant update of indirect illumination will givethe highestquality
results, but this is computationally very costly.

The RenderCache ([133 and [134]) usesan image spaceprogressie update. As
described in the introduction this is a method where pixels in the image plane
is progressiely updated by usingray tracing. The render cacdhe implementation
only includes direct illumination and specular e ects. Nevertheless, indirect
illumination and caustics could just as well be added. When one moves the
imagecontains alot of artifacts. This may be a good solution for certain kinds of
application e.g. an architectural visualization. In an architectural visualization
onewants to move interactively and whenthe right view is found onemay accept
to wait for a while to seethe detailed image. But for other applications such as
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gamesthis will probably never be acceptable.

Comparing progressive updates in image space and in object spacewe nd
progressie object spaceupdatesto be the most visually pleasingmethods. We
will therefore strive to create a method that usesobject spaceupdates.

In object spacethe indirect illumination can be storedin either texture mapsor
in verticesasdescribedin Chapter[1 (In specialsituation sphericalharmonicscan
alsobe used([101] [93]). In [35] the indirect illumination is storedin the vertices.
In our solution wewant to include nal gathering. If we should calculatethe nal

gathering for eat vertex or ead faceit would be computationally demanding.
If instead we choseto usetextures we can apply a fairly coarsetexture to even
a detailed mesh and in this way reduce the number of nal gatherings. This
will of courseproduce lessdetailed indirect illumination, but in most casesthis
will not be signi cant as indirect illumination usually is a very low frequency
function.

In [14]] the indirect illumination is also stored in object spacein a hierarchical
octree. Unfortunately, this type of data structure currently doesnot map well
to GPUs.

Our main idea is to be able to selectively update eat of the data structures
used in photon mapping. As a rst step, we will needto divide the photon
map into sewral photon maps. We describe this processin Chapter 8 This
step is necessarystep sincewe want to be able to update only parts of the total
illumination stored on the surfacesin the scene. Our focus in that section is
not real-time, and we only presen it as an optimization that can be usedon
somescenes.In the following sections, we usethis method as one of our main
elemernts in our real-time photon mapping solution.

In [35] a method for selectiwely distributing photons over a period of time is
described. This method uses Quasi Monte Carlo sequencesas described in
Chapter[6l In Chapter[9 we extend the method from [35] and combine it with
the idea of dividing the photon map into seeral photon maps asintroducedin
Chapter[8. By combining these methods we achieve the possibility of updating
many of the calculationswhich are usedfor distributing the light at a ne grained
level. The purposeis to exploit the high frame-to-frame coherenceand minimize
repetitiv e calculations that producessimilar results. Furthermore, we want to
retrieve information about where the most signi cant changeshave occurred,
becausethese areasshould be updated rst.

Together Chapter 8 and[9 deal with the selectiwe distribution of the light while
Chapter[10 and/11 describe how to usethe distributed energiesto calculate the
color usedfor the indirect illumination. We call this the reconstruction of the
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illumination asit is a stepwherewe only usethe already distributed energies.In
Chapter[10we usethe energiesto calculate an approximation of the illumination
by usingthe distributed energiesdirectly. This is doneasdescribedin Chapter/4
but the reconstruction is displayed by using textures. In Chapter(5 we described
di erent methods for calculating the hemi-sphereintegral which is a key part
of the nal gathering step in photon mapping. We described how this integral
can both be solved by using ray-tracing and by using rasterization. In Chapter
we introduce a method basedon rasterization and GPU functionalities for
calculating a hemi-sphereintegral ertirely on the GPU.

Chapter8}[9,/10and1Idescribe our method for calculating indirect illumination
in real-time and the following Chapter [12 describesour method for calculating
real-time caustics. Our caustic calculation is based primarily on the photon
mapping approach as described in Chapter 4. Our distribution of photons is
similar to the original photon mapping method. Traditional photon mapping
usesa lter on the photons that is applied for ead pixel. We beliewe this is a
good strategy, and therefore we have alsoimplemerted a Ilter on the photons.
We are using rasterization for displaying the photons and we use a fragmen
program for the ltering.



Chapter 8

Using Several Photon Maps
for Optimizing Irradiance
Calculations

Usually two photon maps are used in the photon mapping algorithm. One
for caustics and one for indirect illumination (we ignore participating media).
In this chapter we will describe an optimization for calculating the indirect
illumination.

The basicidea behind the following optimization suggestionis to divide a large
problem into smaller problems and then solve eat of these smaller problems
individually .

8.1 The Metho d

In order to calculate a good approximation of the irradiance, a large number
of photons are needed. Furthermore, it is important that the nearestphotons
are used. One exception to that is when the photons are located on a surface
that doesnot point in the samedirection as the surface where the irradiance
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is calculated. One solution to this problem is to usea discto nd the nearest
photons on surfacespointing in the samedirection (seeFigure [8.1 and[8.2).

Figure 8.1: Photons from one surfaceleaking to another surface

Figure 8.2: Leaking avoided by using a disc instead of a sphere

Another solution is to comparethe normal at the photon to the normal of the
surfacethat is examined. If thesetwo normals point in approximately the same
direction the photon should be included in the density estimate, otherwise it
should be ignored.

This suggeststhat one could avoid leaking by using di erent photon maps on
adjacert surfacesthat have alarge anglebetweenthem. The important question
to answer can therefore be summarized to this: When should two adjacen
polygonsusethe samephoton map and when should eat of them usea di erent
photon map? The rule we have chosenis the following:
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If the anglebetweentwo adjacert polygonsis below a prede ned threshold
() they should use the same photon map for storing photons and per-
forming lookups. The sharededgebetweensucd two polygonsis classi ed
as connected.

If the angle betweentwo adjacert polygonsis above the sameprede ned
threshold ( ) they should usedi erent photon maps for storing photons
and performing lookups. The shared edge between such two polygonsis
classi ed as unconnected.

It is noted that the angle between two polygons is the angle between their
normals.

This method is very similar to the way hard and soft edgesare found in e.g.
VRML. Here a variable called crease-angléas usedto specify whether or not the
normals of an edgeshould be interpolated betweenthe two polygonswhich this
edgeconnects([13]). In the 3D modelling tool 3D Studio Max, the polygonsare
classi ed asbelongingto di erent smoothing groupsif the angle betweenthem
is above a prede ned threshold.

The method for assigninga photon map to a polygon can be described using
the following pseudo-cale:

1. Mark all edgesas either connectedor unconnected
2. Assign a unique ID to all polygons
3. If two polygons sharea connectededgemake their ID identical

4. Create a photon map for ead of the remaining ID's

Each polygon is now connectedto a photon map and seeral polygonscan share
the same photon map. An example of the resulting photon maps from the
algorithm can be seenin Figure and

8.2 Results

The key issueis to answer the question: How big is the advantage of dividing
N photons into M photon maps comparedto having one photon map with N
photons? In an attempt to answer this question, we have made two di erent
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Figure 8.3: A wireframe polygon model of a scene

tests. In the rst test we measurethe balancetime and the time to calculate an
irradiance estimate. We perform this test multiple times while using di erent
sizesof the photon maps. For this purpose,we usephotons that are distributed
randomly in space,although this is unlikely to happen in a real scene. Never-
theless, it will indicate the performance optimization that can be achieved. In
the secondtest we use a simple sceneand render it by both using one photon
map as usual and seweral photon maps as we propose. All tests are performed
on a P4 1.7 MHz Dell Portable with 512 Kb level 2 Cache. The code usedto
calculate the irradiance is the code made available in [66]. The results of the
rst test can be seenin Figure [8.5 and Table8.1. In Figure [8.6 the balance
time per photon is measuredagainst the number of photons in the photon map.
Balancing a binary tree is donein O(nlog(n)) time. It is therefore expectedthat
the growth in the diagram is constart when time is drawn logarithmically. In
our implementation, ead photon uses40 bytes and with a 512Kb level 2 cache
there is room for approximately 13.000photons in this cache. We believe this
is the reasonfor the di erent appearancesof the graph before and after 13.000
photons.

In Figure[8.5the costof calculating an irradiance estimate is showvn asa function
of the number of photons in the photon map. The savings are not as signi cant
as when we balancethe photons, but, nevertheless,a few hundred percent can
still be saved by creating smaller photon maps.

In Table8.2wetook N photons and divided thesephotonsinto M photon maps.
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Figure 8.4: All polygonsmarked by a color from the photon map they refer to

Photons (N) Maps (M) Balancing the | Lookup for 500

each with N/M photons | M photon maps | nearest photons
1000000 1 5.05s 332 s
1000000 10 3.08s 291 s
1000000 100 0.70s 213 s
1000000 1000 0.55s 116 s

Table 8.1: Comparison of photon map lookups using di erent amounts of pho-
ton maps for storing the same amount photons. The photon positions were
generatedrandomly.

All these results were found by creating 100 completely random photon maps
and then averaging the timings. In the secondtest we renderedthe samescene
by using one photon map (as usual with the photon mapping method) (see
Figure and by using seweral photon maps as we propose (see Figure [8.8).
As expectedthere is no visible di erence betweenthe two images. In the scenes
displayed in gure /8.3 and[8.4/the timing di erence for one and seweral photon
mapsis substartial (seeTable[8.2). 50.000photonswereusedin this experimert.

It is clear from our results that it is an advantage to distribute the photonsinto
seweral photon maps.
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Time (ms)
35

1000 2000 400 8000 16000 32000 64000 128000 256000 512000
Photons

Figure 8.5: Cost of calculating an irradiance estimate using 500 photons (in ms)
using photon maps of di erent sizes

Balancing the Precalculating the
photon map(s) | irradiance estimates
One photon map 0.56s 13.80s
Seveal photon maps 0.08s 5.88s

Table 8.2: Comparison of timings for precalculating irradiance estimatesfor the
imagesin gure 8.3 and[8.4

8.3 Discussion

Although our proposedsolution resultsin a speedup,the method doesnot apply
well to all scenes.Using seeral photon mapsinstead of one should be done with
care. A scenewith many small triangles and sharp anglesbetweenthesewill not
be a good candidate for this optimization as the anglesbetweenthe triangles
will no longer be a good measurefor when to split the photon map. This will
typically bethe casein sceneggeneratedby using fractal algorithms. In general,
it is important to have a signi cant amourt of photons in ead photon map. If
dividing the photon map into multiple photon maps violates this property, it is
not a good idea to split up the photon maps. The photon map is created by
using a left balanced photon map. If photons are added or remaoved from the
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Balance time
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Photons

Figure 8.6: Balancetime per photon (in s) asa function of number of photons
in the photon map

data structure, it is necessaryto rebalancethe ertire tree. But if the photon
map is split up into sewral photon maps, it is only necessaryto update the
photon maps that have been modied. This property can be very useful in
animations in which only some parts of the sceneare modi ed from frame to
frame. Furthermore, if the irradiance has been precalculated as described in
[23], this precalculation can also be reused. In addition, by dividing the photon
mapsinto seweral photon maps, aswe suggest,it is no longer necessaryto store
the additional normal introduced by [23], although remaving this normal can
only be doneif the surfacesare perfectly di use. But this is alsoan assumption
which is often seen,e.g. irradiance cacing ([141]) only works with perfectly
di use surfaces.

Another problem is how much memory to resene when initializing the photon
maps. In general,it is not known how many photonsto store asit dependson the
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Figure 8.7: Calculated by using one photon map

path that the photonstakein the ervironment. For ead time a photon bounces
using the random russian roulette algorithm, one more photon is stored in the
photon map. A photon distributed from the light sourcecan therefore bounce
many times if the surfaceshave a high re ectance, or it can just disappear if
it doesnot intersect any surfaceor is terminated (determined by the Russian
Roulette algorithm).

This problem canbe solvedin two ways. Either the memory is allocated dynam-
ically asmore memory is needed,or a xed amourt of memory is setaside. The
approad of using dynamically allocated memory is usually the easiestwhenim-
plemerting, while allocating a xed memory pool is the fastest computationally
as memory defragmenation is avoided.

In our implemertation we use the xed size photon maps. We set aside a
su ciently large memory area and then we calculate how much memory ead
photon map can be granted. This calculation is basedon the summed area of
the polygonsin the photon map divided by the summedareaof all the polygons
in the scene. This approach may be ine cien t if the sceneis large and all the
photons hit somefew bright areaswhile the rest of the sceneis dark.

To summarize: The advantages of having seweral photon maps are

Faster irradiance calculations

Faster balancing of the photon maps
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Figure 8.8: Calculated by using se\eral photon maps

No leaking problemsin corners

It may be possibleto update a limited number of photon maps when
creating animations

Disadvantage of having seweral photon maps

Connectivity hasto be calculated
A schemefor memory allocation for the photon maps hasto be chosen

It doesnot apply to all scenes

To use our method on the caustics and volume photon maps from the photon

mapping algorithm is not aseasyas using indirect illumination. This is because
it isdicult to gure out whento split the photon maps. But if the problem
of guring out when to split the photon mapsis solved, then our optimization

appliesto them aswell.
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Chapter 9

Selective Photon Emission

In traditional photon mapping as described in Section 4 all photons are traced
in a rst pass. But tracing all photons ead frame in a real-time application
is too computationally expensive (at least when using only one CPU). The
selective photon tracing introduced in [35] solvesthis problem in someways as
only intelligently selectedphotons are re-emitted ead frame. They give eadh
photon a xed initial direction using QMC Halton sequencesand the photons
from the light sourceare divided into groups where the initial direction of eat
photon is similar. Each group contains an equal amourt of photons with equal
energies.The photons are traced on the CPU. We nd this to be an attractiv e
strategy, but we distribute the photons a bit di erently. We do this to avoid
the weaknesse®f the method which are described in the introduction (1.8.3.

9.1 The Metho d

We enumerate the photons in ead group, and for eac frame only one photon
from the group is traced. In the next frame, a new photon from the samegroup
is selected. This is donein a Round-Robin fashion. The path of ead photon is
stored, and if the new path divergesfrom the previous path, all photons from
the group will be marked for redistribution. In this way, more e ort is spert in
areaswherethe sceneis modi ed. It is alsoguaranteed that minor changeswill
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Figure 9.1: Photons distributed from a single group. The initial directions are
similar.

evertually be seenby a photon. It may newverthelesstake more time to discover
minor changesthan major changes. This is the caseas only few photons from
the group may be invalidated and the group may act for a longer time as if
no changeshave occuredin its domain. Major changeswill be registeredfaster
as many or all photons from a particular group will be invalidated. Photon
bouncesare handled by using Russian Roulette ([66]).

The photons are stored as photon-hits on the surfacesalong the path of the
traced photon. The complete path of ead photon is also stored. In this way,
it is easyto remove the photon-hits from the scenein constart time if the path
of the photon is invalidated. It is also faster to determine whether the photon
path has beeninvalidated. Each surface also has pointers to the photon-hits
that have hit that particular surface, making it faster to determine the total
amournt of photon energieson a surface. The extra storageneededper photon is
an energyamournt for ead hit, and a pointer from the photon-hit to the surface,
and a pointer from the surfaceto the photon-hit. The averagelength of a path
is fairly short when using Russian Roulette. The memory overhead for storing
the photon path is therefore not substartial.

As a result of our chosenstrategy of storing the photon paths, a moving light
sourcewill causeall photon paths from this particular light to be invalidated
ead frame.

In Figure 9.1 an example of how photons are distributed from a single group
is shovn. In Figure 9.2 a screenshot of this situation is shown. In Figure 9.4
all primary photons which are distributed in one frame are shown. It is noted
that for ead frame, new primary photons are traced. All photons which are
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Figure 9.2: Photons from one group

Figure 9.3: All photons distributed in the scene
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Figure 9.4: All primary photons

distributed are shown in Figure 9.3

9.2 Discussion

As ead light sourcehasa xed number of photon groups, it may be expensive
to trace a single photon from ead group in every frame if many light sources
are presen in the scene. It may therefore be desirableto trace fewer photons
from ead light sourceper frame. Whether to trace onephoton from ead photon
group for ead frame or to reducethis number can e.g. be determined by looking
at the distance from the light sourceto the viewer.
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Approximated Reconstruction
of the Full llumination

The photons distributed as described in the previous section carry information
about the full illumination in the scene.Thesephotons are usedfor reconstruct-

ing an approximation of the full illumination. This processis described in the
following.

If enough photons are distributed, the photons will represen the correct illu-
mination in the scene,and they can be calculated directly by using density
estimation ([11(). The problem is that "enough" photons are many millions
and it is almost impossibleto completely remove the noise. Therefore, the pho-
tons are usedto reconstruct an approximation of the full illumination, and then
this approximation is usedin the nal gathering stepto calculate a smooth and
accurate approximation of the indirect illumination. The number of photons
neededwhen performing the nal gathering is many times smaller than the
photons neededfor density estimation ([66]).
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10.1 The Metho d

In order to approximate the full illumination we compute the irradiance usingan
N-nearestneighbor query of the photons, and the total energy of these photons
is divided by the areathat they span. The radiance of the surfaceis stored in
reconstruction texture mapsapplied to the surfaces.We call thesetexture maps
approximated illumination maps (AIMs).

Kd-trees are fast for N-nearestneighbor queries. In order to build the kd-tree,
only photonsthat are located on surfaceswhich could possibly cortribute to the
irradiance of the current surfaceare considered. We use a technique similar to
the onepreseried in [78]. In [78] the division into surfacesis done automatically,
however in our implementation we have performedthe division by hand by using
a 3D modelling tool. When a photon hits a surface, it is not stored in a global
data structure but in a structure local to the surface that was hit (seethe
discussionfor an analysis of this choice). A surface can contain an arbitrary
number of polygons. Figure 10.1 shows a Cornell box with a bumpy o or and
unique colors for ead surface.

Figure 10.1: Left: A unique color is displayed for ead surface, Right: Same
sceneshaowvn using wireframe (13.000polygonsand 16 surfaces

Updating all the AlIMs for ead frame is computationally expensive and unde-
sirable. Consequetly, we use a delta value for ead surfaceto control when
its AIM should be updated. The value ( ¢) is a delta value for the full ap-
proximated illumination. The ¢ valueis a ected by the energy of any photon
that is removed or stored on a surface. Only when ¢ is larger than a small
threshold value, the AIM should be updated.

In practice it can be necessaryto limit the amount of work done per frame. In
our implementation we rst handle surfaceswith high ﬁ, where As is the area
of the surface. We only update a limited amount of surfacesper frame.
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Figure 10.2: The full approximated illumination

As only one photon map from a single surfaceis utilized at any point in time,
it is only necessaryto create a single photon map in the memory. This photon
map only needto store the photons of a single surface. This makesthe memory

requiremert smaller than if one global photon map containing all the photons
had beenused.

In Figure 10.2 the full illumination using the approximated textures (AIMs) is
shawn.
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Chapter 1 1

Indirect Illumination using
Hardware Optimized Final
Gathering

As described in Chapter 5 a hardware optimized nal gathering method was
introduced in [28], namely the hemi-cube. This method needsto render the
scene5 times for ead resulting nal gathering value The 5 renderingsare one
for eat side of the hemi-cube. The front side of the hemi-cube cortributes
with about 56% of the incoming directions, while eat of the side planes eath
contribute with about 11% of the incoming directions. In [112] a method is
intro duced which only usesthe front plane of the hemi-cube and then enlarges
this front plane. In this way, a more accurate solution can be achieved, as we
only usethe front plane. If e.g. the front sideis enlargedto double side length,
thus making the total area 4 times larger, this accourts for about 86% of the
total incoming directions (seeFigure 5.4).
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11.1 The Metho d

We usethe hemi-planemethod for the nal gathering step. The scenes rendered
to the hemi-planeby using the full approximated illumination from the photons.
This is achieved by rendering the scenewith the AIMs. Each pixel of this
rendering must be multiplied with the fraction of the hemispherethat it spans
and a cosinefactor in order to calculate the irradiance. The irradiance is de ned
as:

Z
E=  L({Yn 1% (11.1)

where E is the irradiance, L is the incoming radiance, n is the normal, ! is the
direction of the incoming light, and d! is the solid angle.

This expressioncan be approximated in the following way.

The cosineweighted area (This correspondsto (n ! 9d! in Equation 11.1) on
the hemispherewhich a fragmert on the renderedsurfaceof the renderedplane
spansis de ned as:

1
Fh (Xv y) - (X2 + y2 + 1)2 Af (112)
where Fy is the cosineweighted area of the hemisphereand Ay is the area
of a fragmert. The (x;y) componerts are the distancesfrom the certer of the

plane([28]). The irradiance can then be approximated as:

X
E p(X; Y)Fn(X;y) (11.3)
Xy

where p(x;y) is the pixel value of the rendered plane. The irradiance value
should be divided by the percertage of the hemispherewhich the renderedplane
spansin order to compensatefor the missing areas.

The calculation above can be implemented on the GPU. The way we have im-
plemerted this is rst to render the sceneto a pixel bu er (pbu er). Then this
pbu er is usedasinput to a fragment program which multiplies ead pixel with
a value calculated by using Equation 11.2 Then the resulting summation is
calculated by using hardware MIP map functionality (we usethe OpenGL ex-
tension SGIS generatemipmap). The MIP map function calculatesthe average
of a texture in the topmost level of the MIP map. Therefore we multiply ead
pixel by the total number of renderedpixels. This is performedin the fragment
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Figure 11.1: First, the hemi-planerenderingis multiplied with the areaweighted
cosineterm. The nal irradiance value is calculated by using MIP mapping.

program which is run before the MIP map is executed (see Figure 11.1). We
copy this nal pixel to atexture that is applied to the surfacein the scene.We
call this texture the indirect illumination map (IIM) (In our implemertation
they have the sameresolution asthe AIMs). All the stepsare executedon the
GPU, and no expensiwe read-badk to the CPU is necessary

Calculating the radiance for the indirect illumination can be done in seweral
ways. If a texture is applied to the surface, the irradiance should be stored in
the IIM and multiplied with the texture during rendering. But if the surfacehas
a uniform color, the radiance could just as well be stored directly in the [IM.
This can be done by pre-multiplying the irradiance valueswith the re ectance
of the surfacein the fragmert program.

Displaying the illumination is often donein real-time applications by using tex-
ture maps which are also called light maps. Light maps usually contain both
direct and indirect illumination and they are often coarse. Since the indirect
illumination usually changesslowly over a surfaceit is possibleto use an even
coarsertexture.

It is noted that when we use this approad, only di use reconstruction of the
indirect illumination can be handled.

Many techniques can be used for applying a texture with uniform sizeto a
model, and seweral full automatic methods have been proposed ([45]). In our
implemertation, we have applied the textures manually by usinga 3D modelling
tool.

As with the AIMs, it is computationally expensive to update all the |IMs for
ead frame. Therefore, we introduce ; which is the delta value for the indirect
illumination. This value is similar to ; except that it is only aected by
photons that have bounced at least once. As with the AlMs the surface with
the highest ; will haveits IIM updated rst.
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Figure 11.2: The gather coordinates

In our implementation, we restrict the number of texels which can be updated
per frame in order to keepa high frame rate.

We usetwo textures for the 1IMs. One that is visualized and one that is being
updated (double bu ering). When the update of a texture is done, the two
textures are switched using a blend betweenthe textures. This is donein order
to avoid popping. But for the indirect illumination to be updated this is a
trade-o betweenpopping and lag. We have therefore set the blend function to
be fairly fast. Whether a quick or a slow blend should be used dependson the
application.

In Figure 11.2the certers of the GPU basedgathering is showvn. Theseare the
certers of the textures.

11.2 Discussion

The nal gathering method renders the ertire visible sceneusing the certer
of the texel that should be updated as the camera point. Since all pixels of
this rendering are averagedusing MIP mapping before they are used, it is not
necessaryto render an extremely accurate image, and the lowest level of detalil
for all objects in the scenemight as well be chosen. Culling algorithms should
of coursealso be enabledusing the nal gathering renderings.
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We have implemerted the summation of all pixels in the nal gathering step
using hardware MIP mapping. Currently this can only be done using 8 bit
precision. In the next generation of GPUs it is likely that this can be done
using oating point precision. Another option would be to calculate the MIP
mapping using fragmert programs which is donein e.g. [93].

Aliasing is usually a problem when using hemi-cube based methods. To illus-
trate that aliasing is not an issueone can imagine an AIM with in nitely high
resolution. The rendering to the hemi-plane will in this casecorrespnd ex-
actly to an N-nearest query lookup in the photon map. We use the hemi-cube
for gathering radiance valuesfrom textures with large texels. The large texels
is a Itering of the radianceswhich will reduce an eventual aliasing problem.
Further it is cheapto increasethe size of the hemi-cube (seeTable 14.2).



96

Indirect lllumination using Hardware Optimized Final Gathering




Chapter 12

Hardware Optimized
Real-time Caustics

Caustics arise when a photon hits a di use surfaceafter having beenspecularly
re ected oneor seweral times directly from the light source. When using photon
mapping, caustic photons are traced in the sameway aswith the photons used
for the indirect illumination. But photons are only traced in directions where
known caustics generators(specular re ectors) are located ([66]) (It should be
noted that this implies that caustics causedby indirect illumination can not
be captured). When the photon hits a diuse surface, its location is stored.
Our method is basedon this strategy, which meansthat we do not have the
limitations of the real-time caustic method described in [136].

12.1 The Metho d

We distribute the photons evenly by using QMC Halton sequencesn order to
lower the noiseand avoid ic kering. The photons are traced by using a standard
CPU ray tracer. We store the photons in a simple list. We do not divide the
photons into groups as with the indirect illumination becausecausticsare very
localized.
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In order to reconstruct the caustics, we do the following. First we draw the
sceneby using the color black to a pbu er with the depth bu er enabled. This
is donein order to get the right occlusion of the photons. Then all the photons
are drawn additiv ely aspoints by using blending to this pbu er. Afterwardsthe
pbu er contains a count of the photons that have hit a particular pixel. This
pbu er is usedas a texture, which makesit possiblefor a fragmernt program to
read the color value of the current pixel from the previous rendering. A screen
sizepolygon with this texture is therefore drawn by using a fragment program.

Furthermore it is also possibleto read the photon court. Basedon the photon
count of the nearby pixels, a lter is applied to the pixels:

XX p
c(x;y)=s t(x+i;y+j) 1+2k2 (i2+j2) (12.1)
i= kj= k
where c(X; y) is the resulting color at position (x;y) and t(x;y) is the texture
value at position (x;y). s is a scaling value that adjusts power of the photon
energies.We usea lter of size7x7 (i.e. k = 3).

By using this method, it is possibleto court 255 photons (8 bits) at ead pixel,
and this will be sucient in most cases. When courting the photons in the
framebu er it is assumedthat all lights and all caustics generators have the
samecolor, otherwise a oating point pbu er is needed.

This is a screenspace ltering while photon mapping traditionally uses Itering

in world space. As a result the caustics are by no means physically correct.
If one zoomsin on the caustic fewer photons will be ltered and consequetly
the caustic will look lessintense. If one zooms out or just changesthe angle at
which the surfacewith the caustic is viewed, more photons will be Itered and
consequetly the caustic will look brighter.

In order to solve this problem we want to scalethe intensity of the caustic to
make it appear equally bright when the angle is changed and when one zooms
in and out. We have chosento calculate the world spacearea size of a screen
spacepixel and scalethe intensity of the caustic by using this value. The area
of a pixel in world spacecan be described as follows:

A= (ns ng)(4d? tan(;Tx)tan(z%’y)) (12.2)

Where A is the world sizeareaof the pixel. fy andfy arethe eld of view in the
x and y direction. px and py are the number of pixels in the x and y direction.
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Figure 12.1: World sizearea of a pixel.

d

Figure 12.2: World sizearea of a pixel seenfrom the side.

d is the distance from the eye point to the pixel (or the geometry that the pixel
represers). ne is the direction from the pixel toward to eye. ng is the normal
of the surfaceat the pixel (SeeFigure 12.1and Figure 12.2).

The processis as follows: First the depth of the sceneis renderedto one com-
ponert in a oating point pbuer (e.g. the red componert). Simultaneously,
the dot product betweenthe ne and ng is renderedto another componert in the
oating point pbuer (e.g. the greencomponert). The fragment program that
Iters the caustic photonsis then given this oating point pbu er asinput. By
using this approad it is possiblefor the fragment program to have accesgo the
current depth value and the dot product and asaresult it is possibleto evaluate
Equation 12.2in the fragmernt program. In the following we will discusssome
of the implementation details.
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Calculating the screenspaceposition (in the canonicalview frustum) of a vertex
is done as follows:

Ps = Mppw (12.3)

Where ps is the screenspaceposition in homogeneouscoordinates, M, is the
model view projection matrix and p,, is the world spaceposition of the vertex.
This calculation is performed in a vertex program. In a fragment program the
z value that is written to the oating point pbu er is calculated as follows:

z= B% (12.4)

Where z is the interval [0;1].

In the fragmert program which Iters the causticthe z value of the current pixel
is read from the pbu er. The d value can then be calculated from the z value
by using the following formula:

_ n f
d= z (f n) f (12.5)

Where n is the near planeandf is the far planein the current projection matrix.

The surfacenormal ng can be found by multiplying the model matrix with the
normal of the object, while n¢ is found by creating a normalized vector from pg
to the eye point.

By using the approad described above all variables in Equation 12.2 are now
available in the fragmert program. Nevertheless,this approad is still more
inaccurate than the the traditional nearest neighbor approad. By using our
approac a xed seard radius is used. When onezoomsin very closethe radius
will be too small and too few photons will be included. As a result the caustic
will becomeinaccurate. When one zooms out the radius will be too large and
the photons will not span the radius and the intensity will becometoo low.
Howewer, weighting the intensity of the caustic with the area of a pixel makes
the caustic more physically correct and does improve the image quality (see
Figure 14.6).

Tracing all photonsin every frame may not be necessary If the application runs
at e.g. 30fps, it may not be notable if ead photon is only retraced every second
to every tenth frame. If the specular object is moved fast, it will be possibleto
seeatrail after the specularobject. Whether this is visually acceptabledepends



12.1 The Method 101

on the application. In our experience,the delayed photon distribution doesnot
disturb the visual appearancewhen the frame rate is high, and if the object
movesslowly it is hard to notice.

The implementation of equation 12.1is a time consuming fragmert program.
When using a lter of size7x7, the summations are unrolled to a program that
has about 400 lines of assenbly code and 49 lookups in the texture. Therefore
it is desirableto limit the use of the fragment program to areaswhere caustic
photons are actually presen. This is done by using the following method.

Beforethe photons are drawn to the pbu er, stenciling is enabled. The stencil is
setto incremert on zpass. When the photons are drawn, they are also marked
in the stencil buer. Then the screenis divided into a number of grid cells.
For ead grid cell, an occlusion query is started asa quad is drawn. The stencil
function is setonly to let pixel bewritten to the pbu er if the stencil valuein the
pbu er is greater than zero. When the quad is drawn, the occlusion query will
return the number of pixels that were modi ed. If no pixels were modi ed, no
photons needto be Itered in this area. In this way, the inexpensiwe occlusion
query can identify the areasthat have caustic photons. Often the caustic only
lIs a few percert of the screen. The processis illustrated in Figure 12.3 The
processis similar to the processdescribed in [36].

Figure 12.3: Left: photons are drawn on the screen. Middle: Areas on the
screenare tested for photons. Right: Areas are Itered in screenspace.
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Chapter 13

Combining the Contributions

For the direct illumination we canchoseeither to useray tracing or rasterization.
In Chapter 3 we made a simple comparisonbetweenray tracing and rasteriza-
tion. We concludedthat in many situations the result will be visually similar.
Nevertheless,rasterization will in many situations be faster. In our solution we
will therefore use rasterization for the calculating the direct illumination.

We use stencil bu er shadov volumes for calculating the shadowvs. Our im-
plemertation useshard shadavs but real time hardware rendered soft shadavs
could just aswell have beenused ([63], [1]], [54]). Any soft shadav algorithm
is equally well suited as the shadaw is renderedto a separate pbuer. When
combining the light cortributions the shadow is applied by using the shadowv
pbu er asa screensizetexture.

We use a dynamic environment map for specular re ections. This is done by
using a cube-map. For ead frame the sceneis rendered six times in order to
update the sidesof the cube. Multiple interre ections could have beenusedas

well ([92)).

Combining the various cortributions is an additiv e process. We create a sepa-
rate pbu er for the shadavs and another for the caustics. When the sceneis
rendered, the direct illumination is calculated for ead pixel and multiplied by
the cortent in the shadawv pbu er. The texture value for the indirect illumina-
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tion is sampledin the 11IMs which are applied to ead surface. Thesevaluesare
addedto the nal color along with the caustic's value (seeFigure 13.1). In this
way, we combine the cortributions in a nal pass.

Figure 13.1: Top left: The direct illumination without shadavs. Top middle:
Shadawvs. Top right: Re ections. Bottom left: Indirect illumination. Bottom
middle: Caustics. Bottom right: Complete illumination

The formula is as follows:

L = Lindir ect + Lcaustics + I—specul ar + Ladir ect shadow (13-1)

When se\eral lights are presen in the scenethe formula is asfollows:

Iixhts
L= I-indir ect T Lcaustics + Lspecul ar t I—dir ect(i) ShadOW(i) (13'2)
i=0
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Results

We have implemented our application onaPentium 4, 2.4 Ghz with a GeForceFx
5950 graphics card running Windows. All code has beenwritten in C++ and
compiled by using Visual Studio 6. Cg was used for all vertex and fragment
programs ([86]). Our photon-tracer utilizes a standard axis-aligned BSP-tree
build by usinga costfunction basedon surfaceareas([55], [12Q). It is reasonably
fast. Even so, it is not asfast asthe very optimized ray tracer usedin [125.

Each dynamic object in the sceneaisesa separateBSP-tree. Any photon traced
in the sceneis therefore tested for intersection with all BSP-trees.

The scenein Figure 13.1 with indirect illumination and caustics runs a 35+
fps. The cube and the sphereare dynamic objects. 10000photons are used for
the caustics, and they are completely updated over 8 frames. For the indirect
illumination, 77 photon groups are used eat with 40 photons. A maximum of
20 texels per frame are updated by using nal gathering. The big surfaceson
the walls have textures of 5 by 5 texels for both the AIM and IIM. In total, the
scenehas 140 texels for the AIMs and similarly 140 texels for the IIMs. The
sceneis rendered at a resolution of 512 by 512 pixels and all pbu ers are also
512 by 512 pixels. The ervironment map is rendered as a cube-map and the
sceneis rendered6 times per frame. Each sidein the cube-maphas a resolution
of 128 by 128 pixels. The memory usedfor storing the photons and their paths
is in this casethe number of photons multiplied by 3 oats for the energiesand
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the sizeof two pointers multiplied by the averagepath length, which in our case
is approximately 2. This givesa total memory requiremert of approximately
120Kb.

If we considertwo unconnectedrooms, and modi cations only occur in one of
the rooms, then no updates will be necessaryin the other room. Only minimal
computational power will be spert in the other room as no photons will be
invalidated. This caseis shown in the top-most scenein Figure 14.1 When
the rooms are connected,updates made in one of the roomswill now a ect the
illumination in both rooms (see middle image in Figure 14.1). The bottom-
most image in Figure 14.1 shows a scene,where the right room is illuminated
primarily by indirect illumination.

Figure 14.1: Top: A scenewith two divided rooms ead with two light sources.
Middle: The rooms have been connected. Bottom: Two of the light sources
have beenturned o .
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Photons | Irradiance lookup (100 photons) | Balancing time
300 0.023ms 0.10 ms

500 0.027 ms 0.18 ms
1000 0.029 ms 0.39ms
2000 0.034ms 0.84 ms

Table 14.1: Timings for balancing a kd-tree with photons

Render size | Fragments | Polygonsin scene | Timings
8 8x8 34| 0.75ms

16 16x16 34 | 0.76 ms

32 32x32 34 | 0.78ms

8 8x8 13,000 | 0.90 ms

16 16x16 13,000 | 0.91ms

32 32x32 13,000 | 0.97 ms

8 8x8 133,000 | 1.55ms

16 16x16 133,000 | 1.57ms

32 32x32 133,000 | 1.59ms

Table 14.2: GPU nal gathering timings

Balancing a kd-tree for fast searding is computationally cheapwhenthe number
of photons in the kd-tree is low. In Table 14.1, timings for balancing a kd-tree
are shovn. The time for nding the nearest100 photons is also shown.

When the indirect illumination isupdatedit isimportant that the nal gathering
step is fast. We have measuredhow much time a single nal gathering takes.
A single nal gathering includes a rendering of the sceneusing textures of the
approximated illumination, a fragmernt processingof eat pixel, summation of
the pixels using hardware MIP map generation, and a copy of the nal pixel to
atexture (seesection4). We have timed these stepsusing sceneswith di erent
polygon count. The sceneswith 13,000and 133,000 polygons were made by
subdividing the surfacesand making the surfacesmore bumpy. The results can
be obsenedin Table 14.2 It is noted that the timings are not very sensitive to
the number of polygonsin the scene.Furthermore, it is obsenedthat improving
the quality by increasing the render size does not signi cantly decreasethe
performance.

Another option would be to usetraditional ray-tracing for the nal gathering
step and sendthe calculated value to the graphics hardware. Our timings show
that copying a single texture value from the CPU to the GPU takes 0.65 ms.
Tracing 1024 (32x32) rays in a scenewith one dynamic object (i.e. two BSP-
trees) and 8000 polygons takes 16.7 ms using our implementation of the axis-
aligned BSP tree. Furthermore, the radiance should be calculated at the surface
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that ead ray hits and a nal cosineweighted summation should be performed.
Using our measuremets, it can therefore be concludedthat our hardware op-
timized nal gathering method is many times faster than a ray-tracer based
approad.

The ltering of caustics in screenspaceis optimized by using the occlusion
query which is described in a previous section. Our timing of the occlusion
query shaws that it takes0.33 ms to run 100 occlusion queriesover an area of
512times 512 pixels. Using our GPU caustics Iter on an areaof 512times 512
takes 37.6 ms while only Itering 1% of this areatakes0.38 ms. In a typical
scene,the caustics lls lessthan 5% of the screen(seeFigure 14.2). The time
spent on the occlusion query is therefore well worth the extra e ort.

Figure 14.2: Left: Caustics being cast from a dynamic object onto another dy-
namic object and a bumpy o or. Right: The samesceneshownn using wireframe

In Figure 14.3we have calculated the samesceneboth using traditional photon
mapping and by using our method. It is obsened that the results are very
similar.

In Figure 14.4the sceneis shavn with low and high texture resolution for the
indirect illumination. The image with the low texture resolution usestextures
with approximately 5 by 5 texels on the large surfaces. The image with the high
texture resolution usestextures with approximately 50 by 50 texels on the large
surfaces. In the image with the low resolution textures minor mach banding
artifacts can be seenon the ceiling. Nevertheless,it is noted that in the given
situation a low texture resolution is su cien t.

In Figure 14.5 we have comparedthe indirect illumination calculated by using
our hardware acceleratedMIP-mapping approad and by using traditional ray
tracing based nal gathering. The remaining calculations (direct illumination,
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Figure 14.3: Left: Full illumination in a scenecalculated by using ray tracing
(hard shadows have beenusedfor comparison). Right: The samesceneshovn
where the illumination is calculated by using our method

shadaws, specular surfaces,causticsand photon distribution) are calculated by
using our method. The di erence can therefore only be causedby the limited 8
bit precisionof the calculations and the missing areason the hemispherecaused
by our useof the hemi-plane. It is noted that the results are very similar, which
justi es the useof our hardware acceleratedMIP-mapping method.

In Figure 14.6 we have comparedthe appearanceof the caustic when one zooms
out. It is noticed that the brightnessof the causticsare approximately the same.
This is due to our areaweighting asintroducedin Equation 12.2
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Figure 14.4: Left: lllumination calculated using our method with high texture
resolution. Right: lllumination calculated using our method with low texture
resolution.

Figure 14.5: Left: Indirect illumination calculated using our method. Right:
Indirect illumination calculated using ray tracing based nal gather.
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Figure 14.6: Left: Our area basedmethod is used for scaling the intensity of
the caustic. Right: The samescenecalculated by using traditional ray tracing
and photon mapping.
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Part IV

Discussion & Conclusion






Chapter 15

Discussion

Many methods can be usedfor optimizing a 3D application. Popular methods
are Occlusion Culling, Level of Detail (LOD), tri-stripping, Portals and front-
to-back render order rendering, but many others can be used ([5]). Theseall
work well with our new methods.

Tracing photons is done by using an axis-aligned BSP-tree. If the sceneis
divided into a number of cells e.g. by using portals the BSP-tree can just as
well be divided into seweral trees. Since photon tracing using a BSP-tree only
takesO(log n) it may not be desirableto split the BSP-tree.

Both our method for nal gathering and photon tracing scaleswell with regard
to the number of polygonsin the scene.The limiting factor is the movemert of
objects in the scenethat causesphotons to be invalidated and the indirect illu-

mination to be updated. Particularly the accuracy of the indirect illumination,

i.e. the number of texelsin the 1IMs, is a limiting factor. Consequetly, making
the scenelarger e.g. with more rooms and o ors, will not aect the lag and
frame rate if modi cations occur locally. But the computation time will be af-
fected heavily if the objects get more detailed and more and smaller texels have
to be usedfor represerting the illumination. Our method scaleswell with the
sizeof the scenebut not with alot of ne details in the geometry. Nevertheless,
a fractal o or, as demonstrated in our example, can be handled appropriately.
Avoiding many small texels in the |IMs is an area of future researd.
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As ead light sourcehasa xed number of photon groupsit may be expensive
to trace a single photon from ead group every frame if many light sourcesare
presert in the scene.lt may therefore be desirableto trace fewer photons from
ead light sourceper frame. Whether to trace a photon from ead photon group
or trace fewer photons from a light sourcecane.g. be determined by the distance
from the light sourceto the viewer.

One of the biggest advantages of using photon mapping comparedto e.g. ra-
diosity is that it is meshindependert. When using our approac, we group the
geometry into surfacesand use local photon maps, and this suggeststhat our
method is less geometry independert than traditional photon mapping. But
when calculating the irradiance by using traditional photon mapping with an
n-nearest neighbors query, only photons with normals similar to the center of
the query are usually used. This can be viewed as an implicit division of the
geometry similar to our grouping of the surfaces.

One disadvantage of our method is our use of textures for storing the indirect
illumination. When using traditional photon mapping only point sampling is
used, and there is no needfor applying texture mapsto the surfaces. Applying
texture maps to surfacesis a complicated task. Currently it is a very active
researd area([45]). Nevertheless,creating animations by using photon mapping
utilizing Monte Carlo integration and point sampling often produces popping
and ic kering ([33]). By storing the indirect illumination in textures popping
and ic kering is avoided.

By using our method, shadavs and direct illumination is updated in every frame
while the indirect illumination is updated progressiely. We nd this to be
a good strategy since our obsenation is that correct direct illumination and
shadaows are more important than indirect illumination for the visual impression
of a scene.

Our strategy for updating the indirect illumination is in many ways similar to
[122 asthe indirect illumination is updated selectiwely in object space. This is
in contrast to a number of other methods like [133, [134] and [137] in which the
updates are performed in image space.

We based our priorities on invalidated photons in object space. Howewer, in
[122 the priorities are calculate in cameraspace(as in [133, [134 and [137).
When using our method it is therefore possible to move the camera quickly
without severe artifacts. This is something that is often done in e.g. games.
This is possiblebecausethe indirect illumination of the entire sceneis cathed
and becausehe indirect illumination is assumedto be di usely re ected. Tothe
best of our knowledge,there are no other approaceswhich performs progressive
updates basedon object spaceinformation. The drawbad of our approadc is
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that expensiwe calculations are performed in parts of the scenethat can not be
seen. On the other hand, the updates may often be causedby the userand as
a result the updateswill often occur in the visible areasof the scene.

The Instant Global lllumination method ([12§, [125]) utilizes no frame-to-frame
caching. Likewise,we do not useany frame-to-frame cacing for direct illumi-
nation, shadavs and specular surfaces.However, we baseour method on raster-
ization while the Instant Global Illumination method is basedon ray tracing.

Our approad is basedon the combination of one CPU and the GPU. This is
also the casewith [71], [35] and [100, whereas[128 and [122 utilizes many
CPUs.

The texture resolution for the indirect illumination (I1IM) is xed in our im-
plemertation. Further researt should be made to addressthe problem of dy-
namically choosing the texture resolution in order to reconstruct the indirect
illumination more accurately. One direction for this researt could be to apply
a lter to the texture in order to nd high secondorder derivatives, as this is
probably a good location for increasingthe texture resolution. Another direc-
tion would be to usemethods that depend on distancesto other surfacessimilar
to what is usedin irradiance cadiing ([141). A hierarchical method similar to
[122 could also be usedfor subdividing the surfacesalthough it requiresa ne
meshingor a constart re-meshingof the scene.

It should be easyto add our methods at speci c locations. E.g. in oneroom,
indirect illumination could be enabledand at an outdoor location, causticscould
be enabledfor a single object. In this way, the designerof e.g. a gamecan make
sure that the application always runs at a su cien t frame rate while adding
additional featuresonly whereit will not compromisethe frame rate.
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Chapter 16

Conclusion

This chapter concludesthis thesis. The main topics treated in this thesis are
summarizedin Section 16.1 An overview of the cortributions are described in
Section 16.2 In Section 16.3 we give our view on directions for future researd.
The Chapter is endedin Section 16.4 where we give our nal commens.

16.1 Summary

In this thesis we have examinedthe componerts of global illumination. In the
intro duction we gave an overview of the parts that constitute global illumination.
We also described a number of di erent methods for solving eat of the parts
in global illumination. In particular we described ray tracing and rasterization
and the advantagesand disadvantages of eat of these methods.

The theory part had details on illumination but only the subjects that were
neededin order to describe the subject in the cortributions' part were treated.
First it wasdescribed how direct illumination from an arealight sourcecan both
be calculated using rasterization and ray tracing. It was demonstrated that in
somecaseshe result from thesetwo methods are similar although rasterization
is substartially faster. Then the basics of photon mapping were described.
Furthermore many of the optimizations that were neededfor photon mapping to
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run faster was described. In the discussionwe concludedthat photon mapping
in many ways is superior to path tracing and radiosity. This is due to the
speed and generality of photon mapping. In Chapter 5 we took a closer look
at one of the most time consuming parts when calculating global illumination,
which is the nal gathering step. We described two main methods for solving
the nal gathering integral. First we described a ray tracer basedmethod and
di erent optimizations. Then we described se\eral rasterization basedmethods
all derived from the hemi-cube method. The conclusionwas that rasterization
methods can be made to run faster, while ray tracer based methods are more
general. But in many casesboth methods are equally good, especially when we
are dealing with di use surfaces.

The contribution part beginswith a method for dividing the photon map into
seweral photon maps. This is necessarysince the latter algorithms make local
updatesto ead surface. Then a modi ed method for distributing the photons
selectively is introduced. The advantage of this method is that only areas,where
changesare made to the scene,will be updated. Then the full illumination is
calculated basedon the photon energieson the surfaces. The full illumination is
stored in texture mapson the surfaces.The full illumination is usedto calculate
the indirect illumination using nal gathering. We then presert a new method
for calculating the nal gathering by using rasterization, fragment programsand
mip-mapping. The indirect illumination is also stored in textures.

Caustics are calculated using traditional photon tracing but the photon hits are
stored in a simple list. They are drawn to the screenby using points and they
are then ltered by using a fragment program. An optimization is preserted
that limits the areasin which ltering is performed.

Finally all the individual componerts are conbined by using a fragmert pro-
gram. In the result section, real-time performanceis demonstrated.

16.2 Contributions

The cortributions in this thesisare all componerts that can be usedto simulate
photon mapping in real-time.

The rst cortribution is to divide the photon map into seweral photon maps.
We demonstrated that it gives a speedup. But we have also concluded that
this solution is not the best approad in all circumstances. Howevwer, in order
to selectiwely update the indirect illumination aswe introduce a method for in
Chapter 10 and Chapter 12, dividing the photon map in to seweral photon maps
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is a necessarystep.

The secondcortribution is to selectiwely distribute the photons. By storing
the photon paths we are able to detect changesin the sceneand in this way
concerrate the photon tracing to theseareas. This hasproduceda very scalable
solution wherethe cost of updating the scenedependsexclusively on the changes
in this scene.

A third cortribution is selectiwely to update the approximated full illumination
and indirect illumination stored in textures. The updates are based on the
photon energiesthat are added or removed from the surfaces. Contin uously the
surfaceson which the energieshave changedthe most are updated.

A fourth cortribution is to calculate the nal gathering by using rasterization,
fragment programs and MIP-mapping. By using this technique, it is now pos-
sible to calculate the nal gathering directly on the GPU with no expensive
readbads to the CPU.

The fth cortribution was to calculate caustics by using traditional photon
tracing but using fragmert programsfor ltering in image spaceto reconstruct
the caustics.

The sixth contribution was a technique for optimizing the caustic ltering by
using occlusion queriesfor testing in which areasone should perform ltering.
This produced a substartial optimization for calculating the caustics.

16.3 Directions for Future Research

Many methods exist for solving the global illumination problem. We believe
that the best method will always be a hybrid method, and it is unlikely that a
single new algorithm will outperform all others with respect to both quality and
speed. Photon mapping is a hybrid algorithm, and we believe that for many
yearsthis algorithm and derivativesof it will be the best methods.

We use rasterization in our real-time photon mapping solution instead of ray
tracing for both direct illumination and nal gathering. Nevertheless,ray trac-
ing is more exible and general,and it is therefore desirablethat real-time global
illumination can be achieved by using ray tracing at somepoint.

What clearly lacks in our work is to demonstrate that our methods work for
other sceneghan fairly simple ones.
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16.4 Final Remarks

Currently, the questfor faster global illumination is a very active area. The goal

of this thesiswasto createa method which could produceglobal illumination for

real-time applications. This hasto somedegreebeenaccomplished. Howewer,

this is not the end of the road as our new methods doesnot apply to all scenes.
Someof the generality and the high image quality of the original photon mapping

algorithm hassu ered in order to make the algorithm run fast. We believe that

our new methods can be usedin someapplications. Further, we believe that

there is still room for improving our method with regard to generality, image
quality and speed.
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