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l. Abstract

This thesis presentsranderingmethod called ray tracing that generategwo-dimensional
image from avirtual threedimensionalworld. The major advantages of ray tracing are
creating a realistic image by taking the light behaviauchsas reflections and refractions

into considerationThis property of ray tracing has established it as an efficient method for
image generation in different graphics areas such as animation and movie industry.
However, the use of this method has not Imewidely implemented for computer games
because of its high processing cost. But the recent developments in hardware technologies
have demonstrated enormous processing potential which may make ray tracing possible for
real time applications such as gameghe next few decades.

One of the dominant hardware developments today is the Cell architecture which is
composed of eight synergetic processing sratach having 3.2 GHz of calculation spend
(SPUsand one power processing urfPPU)Due to this high pycessing speed presented by
the Cell architecture makes it the perfect contender for ray tracing implementation.

However, the processing power alone cannot answer the problem of real time
implementation of ray tracing and it should be sufficed with acelen data structures

that share the processing load thus enhancing the overall performance. For the purpose of
this research KDree data structure is used. In brief the -KEe acceleration structure
prevents time consuming calculations such as squaoging by ordering the objects irhée

scene in a BSP tree fashion.

Finally this thesis discusses the results obtained by using thedéstructure on the Cell as
well as on PC and an evaluation of these results is conducted based on the efficiency gained
in terms of speed and rendering time.
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Il. Introduction

Human beings have always needed to control, and also simulate, nature in order to
make life easier. In the Stone Age this desire forced him to invent tools for hunting, and in
ancient times made him warto build water ways to irrigate farms and so on.

The aspiration to simulate nature has shown itself in different forms and different
ways. In 1021 AD lbn-Blaytam published a book which included references to projecting
light rays passing through a sthhole, onto a plane, and from this the pinhole camera was
invented and the idea of converting three dimensional space on to a two dimensional space
was begun.

Hundreds of years after this occurrence, with the help of the significantly developing
transidor technologies as well as the accumulation of knowledge in the computer sciences
and graphic technologies, it is now possible to simulate an imaginary three dimensional
space and project it to two dimensional output devices such as monitors. This &bitiey
able to visually imitate an imaginary three dimensional world has affected most areas of the
visual arts, including films and video games.

The most importantdrivers forcomputer graphics technologiese obviouslyfilms
and computer games which amwayspushing towards increasegalisn. As the games are
gettingmore developed in terms of visual realism they need maceuratevisual attributes
such as soft and realistic volume shadows, npadtss lightning and complex shaders. To
achieve this leel of realism they are not only getting more resource intensive but also
getting more complicated in terms dhe development process with the currently most
common rendering method; rasterizationThe main problem of this classic rendering
approach ighat all the objects in a 3D scene arade upof triangles and all these triangles
have tobe pas®d through fromthe main processing unit téhe graphics processing unit
one by one. In the rasterization pipeline all these triangles need to be analyZedrexd, lit,
textured, culled and as a result bmoe apicture (CDRINF, 2007)To overcome the fact that
the time taken increases linearly with respect to the number of triangles lots of other
methods, such as level of details (LOD), back face cullicgneeinvolved in the rendering

pipeline (Wald, Slussalek 2001). As a reshlg approacteither givesrise to a linear slow
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down with the increasing number of triangles increases the complexity ogalistic effects
implementation since each effecteeds to be implementedly hacking or by approximation
methods. One of the most suitable examples to expose the weakness of the rasterization is
shadowing; there are many different methods being used for shadowingasterization

(such as stencil shadowiragnd shadow mapping) and all of them are actually finding a way
to imitate the shadow in very complex ways

Despite the unrealistic results and complex implementation of the effectsently
rasterizationis considered asthe conventional rendering metisb for computer games
because of the low computation cogfor low poly scenes) and the common use of
rasterization dedicated devices (graphics card$dwever microprocessor technolqggs
well as paralletomputing hassignificantly improvedver the lag few decades whiclnas
provokedresearchergo be focused on other alternative renderingchniques to achieve
better levels of realism. Ray tracing is one of the oldest rendering techniquds
completely differentfrom rasterization.Ray tracing makeg possible to achievenearly
perfect visual realisnas it precisely mathematitig simulatesreal lightray behaviour This
level of realism and accuracy caused ray tracing to be used not only for visual effects but
also for whole rendering process in amitad films such atce Age, Ice Age 2 arRbbots
(Suffern, 2007p. xiy.

Despite the wide use of offline ray tracing in animated films, current PCs are not fast
enough to afford expensive ray tracing calculations for games within current hardware
resour@s. However, because each ray is independently computed, ray tracing is very
suitable for parallelization. This enables the time consumed by process to be decreased
linearly in proportion to the number of processing units being used. Therefore, with tipe he
of the significant advances in muttore processor technologies, as well as the increasing
research in this area, ray tracing may eventually become the conventional rendering

technique, overtaking the place of rasterization (Teller and Alex, 198&)d, 2004)
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A. Thesis Outline

Research into ray tracing can simply be grouped into two parts; 1) focusing on
improvements in the current methods or trying to find some new techniques, especially for
acceleration structures, 2) implementing already known teghes or structures on
different environments. This thesis should be classified in the second group as it mostly
focuses on an investigation of current methods, instead of the implementation of new ones.
For that reason, the implementation of ray tracimgthis thesis is kept as simple as possible.
On the other hand, investigation of currently used techniques and comparison of these
techniques takes precedence in this thesis.

This thesis is made up of three main parts; firstly, a detailed explanatiomyof r
tracing, secondly, CELL architecture and implementation of ray tracing on CELL, finally, the
project outcomes and a comparison of techniques implemented on CELL and CPU.

Part one begins with a very basic explanation of ray tracing and continues with the
two main ray tracing methods; forward and backward ray tracing, however, the rest of the
thesis is focused on backward tracing method since it is considered as the standard ray
tracing method because of the reasons explained in the backward ray traaitigrsef this
thesis. Next, the key steps of ray tracing are discussed. The following chapter is integral to
this thesis which is based around an in depth investigation of various techniques. In this
chapter ray tracing acceleration methods are investigaterthermore their pros and cons
are discussed.

Part two is the methodology where th€DTree acceleration structure benefits of
ray tracing by using this acceleration structure on maidtie processors ardiscussed. After
giving the general idea of whparallel computing for ray tracing is so important, the next
chapter focuses on an individual mutiore architecture called CELL. Owing to the CELL
F NOKAGSOGdZNEQa RAFTFSNBYUG KFENRgFNBE FG0GNROdzG S
the data structures used, need to be changed. For that reason, in the following chapters,
fitting the data structures and distributing the steps of ray tracing are discussed.

The next part after the methodology is the implementation part where the

implementation of the project is explainedrhis part is also divided into four parts; first part
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gives the outline of the implementation and explains the steps followed for the
implementation of the ray tracer. These steps are explained in details by giving detailed
explanaton of the classes as well as the main ray tracing functions. The last step of this part
is the desireday tracerimplementationby using KEfreeon Cellarchitecture.

Part four is the testing part of the results. Testing of the results are made between
the Cell and the PC implementation of the project and also with and without using the
acceleration structure.

Part five is the conclusion. After giving a summary of the thesis, continues with a
critical evaluation of theroject and discusses what imgvements could have been made.

The conclusion will also emphasise the significance of ray tracing for games and films and
the importance of its implementation on muitiore architectures.

The last part is a brief survey of prospective future work for ray nigacin multt

processor architectures.

lll.  Ray Tracing

A. Introduction to Ray Tracing

Ray tracing isa technique foimage synthesisONB I G Ay 3 | w5 LJA Od dzNB
as stated by{Glassner1989, p.1) in his one of the most referenced books about ray tngci
In essence this explanation overlaps with lba &i & (i | p¥ikiold dameranvention asthe
mainidea isprojecting a 3D space on to a 2D space with a difference; in the context of ray
tracing neither the spacesor the lightare real but virtual

For the reason that the conceptual idea for ray tracing is coming from the pinhole
camera, before going deep into technical explanations involving computer graphics
terminology, it is better tobriefly put in plain words the fundamentalsef the pinhole
camera ad behaviour of lightor abetter understanding of theheory.

First of all it is verymportant to get generaunderstanding othe behaviour of light
in ray tracing.There are two different models for explaining the behaviour of light; wave
and directimal models. While wave model can explain diffraction and interference,

directional model can explain reflection, refraction and shadows. In the context of ray
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tracing, only directional model of the light is taken into account which also explains the
working mechanism of the pinhole camefhoton mapping.

A pinhole camera isomposedof three essential elements; objects which are being
viewed a plane with a whole on it and another plane which the result image is being
projected (the diameter of the wholehangeswith respect to the distance between two
planes).Thelight rays coming from light resources reflect, refract or get absorbed according
to the attributes of the objects. For instance a blue coloumah-opaque, reflectivesurface
absorbs the colors except for blue tones of the light raélyen reflects the blue channel of
the light in a directiordependingon the shape of the surface at the intersection point of the
light ray and the object. After several reflections of the light rays from the hggources,
some of the light rays can pass through the whio&fore being totally absorbed. The rays
passing through the hole intersects with the screen pleoreningthe image ofa scene.The

final image take a shape on the image plane is topside dashawn in Figure 1.

Image Plane

Object

Figurel Final image is always top side down of the real image in a pinhole camera

Image Plane
2D

Scene (view frustrum)
(3D world)

Figure2 Image Plane is between the focus point and the scene in the context of ray traeivgever the image plane is
behind the focal point in pinhole camera
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Despite the common origin of ray tracing and the pinhole camera, there are also
differences betweerthe two in terms of terminology and application of the idé&hile the
image plane is ifront of the focal point in a pinhole camera, it is behind the focal point in
terms of ray tracing.

From ten thousand feet high, there are three main elements in ray trgastdike in
pinhole camera modela three dimensional scene involving 3D objdetsrld), rays (light
rays) and a 2D plana gurfaceon whichlight from the objects is being projected). The main
requirement for having a complete 2D image of the scene is; at least one ray from the scene
should correspond per each atomic unit (pixelfid 2D planeA ¥ A0 R2Say Qi O2 NN
empty space in the scen@hat can be done either by sending the rays from the light source
or by sending the rays from the image plane however these methods leads to different kinds
of problems such aefficiency or level of realismThese issues wilbe discussedn the
following chapters of this thesis.

Because of its phiyslly correct implementationray tracinghas no difficulty in
creating realistic effects such ageflection or shadowing. However this mmwbd
computationally expensive due to two major problerasa pixel on the screen plane needs
to correspond to a ray going through (or coming from) the scezaxh ray needs to be
created, shot and tested against the objects in the scengntbcorrect cdour value of that
pixel To give an exampl& screen imageavith 1024x768 pixels needs at least 786432 eye
rays to be created and according to the organisation method, may require millicoigeaft-
ray intersection tests. Mreover these rays wilinterad with object surfaces and keep
reflecting as welbks refracting through the scenand eventually, the colour values for all
the pixels on the image plane need to be found and shown on the output device.

In thefollowing chapters of thisection the types, steps andmportant acceleration
methods for makng ray tracing reasonable fasill be discussed in detalt should be noted
that despite the significant improvements in processor technologies, without the
acceleration methods and structures, it wduhever be possible to see ray tracing in real
time. In addition to that reasonasthis thesis is mostly focused on investigation of these
acceleration methodsind implementing some techniques on a multiprocessor architegture

the chaptersto come arethe most significant in the context of this thesis.
MSc Dissertation 19/12/2008
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1. Ray Tracingypes

As mentioned abovgracing the rays through the scene can be done in two ways;
the first one beingtracing the rays from light sources (as the light rays in the nature)
through the scengand secondlyfrom the image plane through the scene. Although the
main idea& behindthese two methods are the same, they letaddifferent leves of realism,
efficiencyand implementationproblems.In the nexttwo sectionsalgorithms forthese two
methodswill be given, discussed and compared.

At this point it is useful to distinguish and clarify two terminologies; final image and
the image plane. Final image is the result picture of 3D world and consists of pixete
pixelsare discreteGlassner, 198 p.161)there is nothing between®iand the 29 pixels of
the image) anghysically exisi 2 0SS adK2gy | & (KS .TOhihé dtherA YI 3SC
hand animage plane is a virtual plane in the scene and only two vectors can define the
image planefor instance topleft and bottomright points in the scene space). The scene is
completely abstract to the final image but the image plane virtually exists in the scene.
Despite the abstraction between these two terminologies, they can be used in same
mearing sine each pixel in the final image acdrrespond a region on the image plane or

vice versa.

a) Forward Ray Tracing

Forward ray tracing is possibly one of the first ideas for imitating the light behaviour
for creating a 2D view of a 3D scene as it wditerally how the image of the real world gets
into shape on our retina.

In real world photonsZ NJ Wt A A K Ny ta&ig) iskhg enpl&rierRafion bfa
directional behaviour of light) coming out of different kind of light resources collides with
202S00a IyR I OO2NRAYy3 (G2 GKS 202S00Qa adaNFI C
as mentioned in the previous chaptdioweverfrom countless number of those light rays

only a few comes intaneye and creates a projected view of the world the retina.
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Since forward ray tracing method is a straightforward implementation of the real
world, the steps for creating éorward ray tracerare pretty straightforward as well and can

be roughly defined as follows

1. All the primitives and light resoues needs to be located and their attribut
need to be in the scene

2. From each light source finite number of light rays should be sent into
scene

3. Test each intersection if it is in the viewing volume

4. According to the attributes of the intersecting objgceflection/refraction
rays (new direction and colour of the rays) needs to be found

5. For every intersection in the viewing volume, find the corresponding |
and shade it

6. Record the colour value of the pixel

Tablel - Steps forForward Ray Tracing (Sherrod, 2008)

With a more understandingn the context of computer sciences these basic steps

can be interpreted into the following pseudo coseps

Function FowrardRayTracing
{
For each light in the scene
{
For each ray in Iig
{
ClosestObject = NONE
MinimumDistance = infinitive
For each object in the scene
{
Distance = Intersect ( ray , object)
MSc Dissertation 19/12/2008
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TemporaryOfintersection = (ray , distance )

If ( Distance < MinimumDistance )

{
MinimumDistance = Distance
ClosestOject = object
PointOfintersection =

TemporaryOfintersection;

}
}
If ( IsInView(PointOfintersection ) and ClosestObject is n
NONE )
{
Shade the corresponding pixel
}
}
}

Table2 - Pseudo Code for ForwdrRay TracingSherrod, 2008)

At first sight these steps can be seen quite simple to implement howeter
implementation ofthe stepsis not as simple as its conce@due to some quality and

efficiency problems.
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Figure3 - In Forward Raytracing the rays follows a way starting from the light sources into the scene (red lines ar
wasted rays, green lines ardlickyCrays)

The firstand the most important problem is thesasted ray problem. According to
the forward ray tracing lgorithm there is no guarantee for a ray to hit a point in the viewing
volume just as in real worl(bee thefigure 3. In addition to that, it cannot be known if the
ray will eventually fall into the viewing volume after some reflections or refractidma, t
make the problem even worse since the rays need to be traced until they get totally
absorbed or until a threshold valug zera Because of that reason only tleefewlucky rays
falling into the viewing volumecan affect the final imagd=or having a@mplete picture of
the scene the numbeof wasted rays might be (even usually) much more than the lucky
rays. To tackle with this problem there are estimation methods being used for sending the
rays in the directions, which has more potential to get ink® tresult imageinstead of
sending them totally randomHoweverthese estimations are highly dependent on the
number of rays sent into the scene and also the complexity of the scene (Wald, 1999).

Even if the raysvere sent into high probabilistic aread)e distributions of these rays
are still important. If the raysvere mostly sent throughsome areasather thanthe other
parts of the scene that might result with an unbalanced result such as, the regions in

MSc Dissertation 19/12/2008
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shadow having some noisand other regions mayave a clear result. The noise problem is a
serious quality problem and the only method for solving this problem is sending more rays
into the scene especially to the shadowed regions and far regions. The main reason of the
noise problem is, as the shadodi@areas are in low probabilistic regions, thembers of

rays corresponding to the pixel in the image view B®s compare to the other lighted
regions.As a result becausef beinginsufficientnumber of rays filling into the pixel, the

colour value othe pixel cannot be calculated correctdgusinghe noise effect.

Figure4 -A noisy example, shadowed areas has much more ngiaken from
http: //graphics.idav.ucdavis.edu/~Ilfeng/research/realistic/index.htn)l

On contrary, forward ray tracing has some natural advantages suclbemgeasily
understandable, implementatiomalso beingquite straight forward as well as simpler and
generates vey high quality realistic pictures as it naturally handles all the illumination
features (Wald, 1999) furthermord correctly satisfies the rendering equatiogien in

APPEND)X
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To conclude, it is possible to create very realistic high quality imagésfevivard

ray tracing however due to the following reasons it is not as commonly used as backward

ray tracingunless very a realistic result is expected

il
1

Computational cost is extremely high mainly because of the wasted rays
Computational cost is highlygependent to the complexity of the scene ai
number of ray

Quiality of the final image is highly dependent to the number of rays
Visual realism problems such as noise problem needs to be tackled 1
means more complexity of the implementation

Cannot be doe in real time with the current hardware

Optimisation is hard to handle

Table3 - Problems offorward ray tracing (Sherrod, 2008)

Despiteof such complicateghroblems, backward ray tracing is mostly preferred with

higher level oimplementation complexity, whicks going tobe discussedh the rest of this

thesis.

b) Backward Ray Tracing

The computational cost of forward ray tracing is not acceptable for real time

applications such as gameBhecomputational cost is mainly caused the wasted rays as

mentioned in the previous chapter. There is a very simple logical solittitims problem; if

it is not possible to accurately estimate the rdyangsent from the light resources to the

scene forcreating the final imageand thenwhy not send the rays from the image plane

into the scene sthere will be no wasted ray.
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., scene primitives

Figure5 - Sending Rays from the image plane through the scene (image taken from Wald, 2004)

The number of raysentinto the scene depenslon the resolution and the aimed
guality. Sending one ray per pixel is enough to satisfy the minimum requirement of creating
a 2D view of the 3D imag@owever in some cases one ray per pixel may lead to some
guality problems such as adimg (which will be discussed itme following chaptery After
sending the ray, just like in forward ray tracing, the ray needs tdelséed against the
objects in the scene in order to find the closest object intersecting with the ray and
accordirg to the material of the object. Theafter finding the object and the intersection
point, reflected ray and/or refracted ray need to be foumthich alsoneeds to beraced in
the scene untilreachingan empty space or a limitation such as maximum number of

reflections
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Figure6 ¢ Whitted style(Taken from Glassner,1989)

The very basic method for backward ray tracing, mentioned abwas,suggestetly
Turner Whitted in 1980 anit becameknown asrecursive ray tracingr whitted style ray
tracing. This methods also most commonly used methad the context of backward ray
tracing howevethis method can only implement perfect reflections, refractions and Hard
edged) shadows due to the limitation of the reflected and refracted .rajxerefore the
whitted style ray tracing method does not satisfiie rendering equationdue to some
physicalfacts such as behaviour of diffusenaterials. These issues will bsscussedn great
details in theReflection, Refraction and Shadow Rsgstion ofRay Tracing Stemhapter.

A solution suggested by Robert Co@kook,1984) is distributed ray tracing which
does not only satisfy the rendering equation but also allows samthe specialeffects
listed in able 4 to be implemented easily. The idea behind distributed ragitrg isabout
creating and sending multiple rays instead of one ray in diffestagesof the rendering
process such as reflection and refraction std@ese steps anéffects of applying the
distributed ray tracing will be given in to more details in tiext chapter Neverthelessote

that distributed ray tracing gives more realistic result therefore it is computationally more
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costly compard to the whitted-style ray tracingmethod and isused mostly for offline

rendering.
1 Distributing reflected rays Blurry reflection
1 Distributing refracted rays Blurry transparency
1 Distributing shadow rays Soft shadows (penumbra)
1 Distributing ray origins Depth of field
1 Distributing rays in time Motion blur

Table4 - Distribution of the raysm various phases of the rendering causes different effects (Glassner, 1989, 11211

To conclude, even thougte results of backward ray tracing are not as realistic as
forward ray tracingmethod and its implementation is more complicateackward ray
tracing is the most commonly used ray tracing method since the quadist is not
comparableto the gain in the computation speedackward ray tracing igventually
expected to be able to run on ordinary computemdto becomethe standard rendering
method (Wald, 2004) ithe next couple of decades however forward ray racingnigkely to
reach such a developmenin addition tothis efficiency advantage, the flexibility and
maintainability nature of backward ray tracing are atemne otherreasors be known asthe
standard ray tracing method.

In the next chapterthe steps of ray tracing will be given in more details and

different methods for increasing the efficiency and quality will be discussed.

B. Ray Tracing Steps

The previous chapters of thdisseration tried to give a general idea about ray
tracing without going into details fomore understanding of the general concept. In this
chapter the steps of ray tracing will loikscussed separately, this will involve the associated
definitions, suggested nteodologyincreasing the level of realisemd efficiency, in order to
give a solid idea of its implementation.

Before getting into more detailsin explainingeach step,a brief study ofbasic
algorithmfor recursive ray tracing would be useful sirthe algorithm will be referredo in

each step.
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1. Locate all theprimitives light resourcesnd the view planein the scene(prepare the
scene)
2. Create at least one ray per pixel and send it to the scene (creating the primary ray
shooting them through the sce)
3. Find the closest object intersects with the ray and the intersection point in the 3D ¢
if the maximum number of reflections is not reached
3.1.If there is no object intersecting with the ray, shade the pixel related to the ray
3.2.If there is an interseatig object
3.2.1. Test if the intersection point is shaded by the light sources in the scene
3211 LT a2z aKFIRS GKS LMAESt I O02NR
colour
322.1 OO2NRAy3a (2 GKS 202S00Qa a&adz2NFI
refraction ray

3.2.3. Go to step 3 and repeat the steps in order to keep tracing of the reflectec

and refracted ray.

Table5¢ Whitted style ray tracing stepslt should be noted that these steps are simplified for better
understanding of the following chapters
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Construct the Scene
Data Structure
(prepare the scene)

|
Vi

Generate Eye Rays
(Primary Rays)
|

V4

Find the nearest
Intersection Point

N

Generate Shadow Generate Reflection
Rays & Refraction Rays
\

Find out if there is
any object between
the intersection
point and the light

L

4

Finding the final
colour of the pixel

Table6 - Flow chart for ray tracing

1. Preparing the scene

Just like any kind of the computer application ray tracing also needs some inputs in
order to create the output. In the context of ray tracing these inputs #re objects in the
scene, an imaginary plane (view plane) and the lights. It should be spotted that the camera
(the focal point) is missing in the list. The main reason is that the focal point is needed only
for perspective view of the scene. As previgusientioned(Table 4xhe distribution of the
focal point for eachray enables different effects such dspth of field

Technicallyspeaking the objects in the scene needbe stored insomekind ofdata
structures such gsarrays, treegust to mentin a few Some of theselata structures do not

only stores pointers to the objectsub also may partition the space anday also create
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some virtual objects for efficiency reasons. These structures will be discussed under

Acceleration Structures for RedugiRaySurface Calculatiorsection of this thesis.

2. Ray Generation

Ray generatiorstep defines theprojection type of the scene since this step the
primary ses the primary raysTo give an exampjef all the rays are set as they are coming
from one contant point (focal point) behind the view plane then the result will be
perspective and the distance between that point and the view plane defines the view angle.
In addition it is possible to get ngwerspective result image by using differemapping
techniques such as spherical mapping for getting up to 360 degree view angle (Suffern,
2008). Apart from perspective projection these techniques will not be discussed in this
paper please check the referred bofuffern, 2008, Chapter 5,6,7 8y more infamation
about these techniques.

To satisfy the minimum requirements of ray tracing, at least one ray from each pixel
should be sent into the scene aradray has two fundamental elements; an origin and a
direction. As shown in the figure @n terms of perspetive image generatiorthe origin of
the ray is the focal point (location of the camera in the space) and the direction is the
normalisedd SO0 2N 6 SG6SSy GKS F20Fft LRAYyG FyR (KS

point.

V1 = focal point

V2 =t A E®ffre§panding point on the view plane
Origin of the ray (point of the ray) = V1

Direction of the ray Normalise Y1¢ V2

Equationl ¢ Ray direction and origin
¢KS LIAESt Qa O2 NNB a LR yiRdnyniberafignieyif thikthedis 6 SSy
and the relation between the image plane and the pixels basn previously mentioned

and thebasicmathematical relation between them is;

ImageWidth = number ohorizontalpixels
Image Height = number of vertical pixels

VP Width =width of view plane in the scene
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P

VP Height = height of the view plane in the scene

VP Top Left = Top left point of the view plane in the scene

P« =x component otorresponding pixed @bintin the scene

o VPWidth
VPWidth V= foo e

i - VPHeight
VPHelghtY— Wl‘lelght

@ O02YLRYSyld 27T aifiNIN&Ssien® v |

o= G "8 000+ o7 6 & WY
Op = @0 "EN Q@+ 0z @) "OXTDY

Figure6 - Generating primary rays; ray origin and direction

For each pixel on the final image

{
t

2AYyG ' LAESEt Qa O2NNBAaALRYRAY3I LR

Ray.Direction = Normalise ( Focal pajfoint )

Ray.point = Focal point

At first sight creating one ray per pixel may seem enough to get a realistic result

Table7 - Pseudo code for creating one ray per pixel to get a perspective view

howeverit is not due to the discr& & (G NHzOG dzNBE 2 F (G KS

LA ES

ao

pixels in the final image N and the surface area being projected on the image plan€ is

unit square In that case the surface area covered by one pixel wilNd€however the

colour value fothat area will be calculateftom one ray whichdentifiesonly one primitive

If that areacovers a region which involves the edge pointaafumber ofprimitives, final
Gl £dzS 2F (GKS LIAESt gAftf 0S aBesthieK SNI 2 F

spatialaliasingproblem(Glassner, 1989)

O2f 2 dzNJ
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Programmatically the easiest way to overcome this problesupersamplingvhich
means sending more than one ray per pixel and finding the final colour value of this pixel by
averaging theresult colour values of these raysor instancd S Qa al & GKS LIAES
FNBF O2NNBALRYRAYy3 (G2 GKS SR3IS LRAYyLG 2F
coloured ground. Inhis case if the number of ray sent from the pixel is one, the final colour
value of hat pixel will be either black or whité~igure 7) However if the number of rays
sent from the pixel is five and three of them intersects with the shadow and two of them
intersects with the ground than the final colour value will be gray and the tiianswill be

smooth (Figure 8).

Figure7 - one ray per pixel causes aliasing problesdges

Figure8 - Supersampling reduces the aliasingpft edges
are very sharp
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Supersamplindpy shooting a constant number of rays per pixel reduces the aliasing
problem howeverit R 2 S & y Qthie piboldm@esfectly besides most ohe rays sent into
the scene daot correspond to edge points in addition to that the render tiinereases
linearly respect to the number of rays sent per pixel.

One of the methods for solving this problemfiistly by dividing the pixel intdive
grid cells (corners and the centre) thehooting rays though the centre points of thgrid
cells and then looking for the difference between the final coloud them. If the
differences are big (usually if bigger than a-pgedined value) then thgrid cellsare divided
into smaller grids until reaching a satisfactory difference. This method is cadigative
supersamplingAlthough this method works fairly fast and can easily be implemerited
not the bestsolution in terms of quality since the subdivision of the pixel is regular
(Glassner, 1989)

Figurel0 - Regularsubdivision

Figure9- Dividing the pixel into five taken from (Glassner, 1989)

There ae some other methods for theegularsubdivision problenof the pixel,such
as stochasticray tracingand statistical supersamplintpowever these methods will not be
given in this papeplease check the referred book (Glassner, 1989, Chapter 1) for these
methods.

In summaryray generation stegan be considered as the step where the lens type of

the virtual camea is set and where the anrtiliasing problem is solved by sending a number
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of rays from each pixelmplementation of this step has an important impact on the quality

of the image as well as the rendering time.

3. Shooting Rays anRayObjectIntersection

The word shooting might be a confusing terminology as it has an abstract definition
in terms of implementation and means searching through the objects if any of them
intersects with the ray or the rays being processed. To give an example, if/téideRa/E
represents aray preparing to be shot (to be tested against all the objects in the scene)
through the sceneAfter setting the direction and the origin of the ray the shooting ray
process starts and depending on the method being used eitheesof theobjects or all of
the objectsare tested against the shot ray to find out which of the objects intersect with.
This step is also known as travegsthe scene.

Finding the intersecting object with the ragydone by using differentmathematical
calculatiors depending on the objects geometffppendix¢ Primitive Ray IntersectionA
3D scene can be compound of very complex geometric shapes but these objects have to be
defined by a set okimple primitives such as triangles, spheres, planes etc. Finding the
intersecting object with the ray actually means testing the primitives forming the geometric
object against the rayC2 NJ Ay aidl yOS f{ Siisc@re involidgdzvesty caiéesS NB
each having twelve triangles, this case simply, the ray should be tded against two
hundred forty triangle unless an acceleration structure is not used.

This step is the most time consuming step of ray tracing and from 75% to 90% of the
whole rendering time isised for the rayprimitive intersection calculations (Whitted980).
This is he main reasonwhy primitive-ray intersection caldations require complex
mathematical calculations such as square root calculafi@sides these calculations need
to be very accurate andough approximations are not acceptable since theersection
point of the rayand the object will be the origin point for the reflective, refractive as well as
the shadow rays and miscalculation of this point cassdeformation in theinal images.

The primitivecray intersection tests are calculatiygexpensiveand the best way to
accelerate the rendering avoiding these calculatiofry using some special data structures

which somehow sort the primitivesHowever by this stepnstead of testing all the
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primitives against each ray, testing only somkthem may sufficiently accelerate the
rendering.

Although this step has no direct impact on the quality of the final image, since it is
the most time consuming stepast majority of the researches are beingrried out on
speeding up this step by comstting complex structures. For that reastins step has the
biggest importance and complexity in terms of implementation. The speed up data
structures related to this step will be explained in more details inAbeeleration Structures

for Reducing Ragurface Calculati@chapter of this thesis.

4. Shadowing

The next step after finding the intersection pointdstermining ifthe hit point is
lightened by any of the Iig sources in the scene or not athiis step is theonly step where
the light sourcesre into account.

The easyway of finding ifthe hit point is shaded by an individual light source is
simply creating a ray (shadow ray) between thiegoint and the light resource being tested
(Figure 11)If the ray intersects with any of the objects mat than another light resource
then this point is considereds in shadowwith respect to that individual light resource.
Since finding the occluder object also requires intersection tests between the shadow ray
and the objects, the performance of thisegtis also highly dependent to the acceleration

structures used for sorting the objects in the scene.
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Figurell- Shadow Ray must be sent from one intersection point to all the light sources

Furthermore sending only one rdyom the hit point to the light resource is a
solution only forpoint light resources. If the light resources in the scene are areal lights
(such addirectional lights) then sending only one shadow ray is not sufficient at all and
causes lack of realism ihe final image as the hit point is considered as either in shadow or
not. However in real life a point can be partly lightened by a light resource which causes
penumbra areas to be formed.

The solution for having realistic soft shadoigssimple; sending number of rays,
RSLWISYRAY3I 2y (KS fA3IKG az2dz2NOSQa airi S FyR

0«
(0p))

light source. However the number of rays sent from the hit point to the light resources
increases the render time linearly and in some cases thab®r of shadow rays might be
even more than 50Homella 1998). To prevent iemendous slow down in render time one

of the solutionswhich were suggested by Ericdihes in 198GHaines, 1986)s; shadow
buffers which fastens up the shadowing process foerses with many light resources and

provides a sufficient level or realism without any approximatidiewever orthe contrary
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it may evenend up with some more calculans for scenes involvingmallnumber of light
resources (Wald, 2004). Another suggesapproachby Lukaszewski and Fomellasisply
basedon finding the penumbra areas by shrinking down the light sources to point lights and
enlarging the objectsAlthough this method also reduces the shadowing time, it needs some
additional data structues besides it is highly dependent on the shape of the objects in the

scene (Fomella, 1998).

umbra

penumbra

Figurel2 ¢ Umbraregion is not illuminated by the light source directlyPenumbra partly illuminated by the light
source

5. Reflecticn and Refraction Rays

As mentioned earlier in this thesis reflection and refraction of the light rays is
because of the directional behaviour of the light. When a light ray collides with an object it
gets absorbeddepending onits frequency (colour) and #h colour of the object The
unabsorbed part continues travelling and either reflects or refracts from the objects surface

depending on the normal of the object tte hit point.
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Figurel3 ¢ Rélection (a) and refraction(b) of a raydepends on the normal of the surface at the hit point

A very simple approach for solving perfect reflections and refractions is creating two
rays; one reflection ray and one refraction ray and tracing these tws tfapugh the scene
recursively. However ireality is nothingcompletely neither reflectiveor refractive. In the
context of computer graphics a surface has a level of specular behaviour and has a level of
diffuse behaviour. Whilspecular surfaces reft¢s the light in regular basis, diffuse surfaces
reflects the light arbitrarilyFigure 14 The problem withbackward ray tracings the ray
hitting only apoint; however the pixel corresponding to the ray represents an area. As a
result of this problem dffusion of a ray should be handled in a distributive manner by
creating more than one reflection ray for diffuse surfacés doing so, therendering
equation can be satisfied at certain levelSeverthelesscreating more than one ray for
diffuse surfacesnay decrease the rendering speed dramatically dependimghe number
of rays createdand the data structure useddpart from the efficiency concerns the other
problem is the distribution method of the light rays which has a big impact on qualitge
the rendering equation is an integral functiadhe raysthat can be sent from a poirdre a
finite approximationin order to find their directionsOne of the commonly used methods
for solving this problem ithe Monte Carlo IntegratiorfWard, 1988). Howear this method

will not be discussed in this paper
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Figurel4 - Diffuse surfaceseflects the light in different directions

The distribution method of rays spreading frapoint (or from a tiny area) is also a
problem for rays passing through neomiform surfaces such as glossy surfacBlsese
techniques will not be discussed in this paper however for explanations of these methods
given into details iffSuffern, 2008, Chapter 5).

To sum upreflection and refration of the rays from object surfaces has a big impact
on the performance as well as on the realisiinshould be noted that irthe ray tracing
process this step is the recursive which means this step actually decides the new direction of
the ray(s) to bdraced through the scenelhereforethe stepis very important as it effects
ray tracing time and the level of realisas thematerial properties of the objects are being

implementedin this step.

C.  Accelerationof Ray Tracing

Since ray tracing algorithnis computationally very expensive and unlike the
rasterization there are no specialised hardware units in general purpose compaeceit
has always been a been a big challenge to find ways for the acceleration of ray tracing.
Subsequently the majoritgf the acceleration methods for ray tracing have been found in

the last few decades (Wald, 2004).
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Ray Tracing Acceleration Technigues

—

. .
—
Fast Fewer Generalized
Intersections Rays Rays
N
/ \
r'..- “"‘
Faster Fewer
ray-ohject ray-object
ntersection intersections
Exampies: 1 Examples: 2 Examples 3 Examples: 4
Object bounding Bounding volumne Adaptive tree-depth Bean tracing
volumes higrarchies contral
Cong fracing
Efficient intersectors Space subdivision Statistical
for parametric optimizations for anti- Pencil fracing
surfacesz, fractals, efc. Directional technigues aliasing

Table8 - Ray Tracing Acceleration Techniqu&ken from (Glassner, 1989).

Generallyspeakingacceleration mdtods for ray tracing are classified intbree
groups; fast objectay intersectionmethods, fewer ray creation methodsand the use
generalised raysHumphreys, 2008 The methods for reducing the number of ragach as
adaptive super sampling as well aeadow mapping, have already been discussed in
previous chapters of this thesis (B.2, B.3, B.4, and B&)avoid duplicationghese
techniques will not be discussed in this chapé@ymoreinsteadthis chapter will focus on
fast rayobject intersection fgorithms.

Apart from the acceleration algorithmthe hardwarewhere the ray tracing code will
run and the programming language used \&an important impact on the rendering
performance. Most of the commercial ray tracers such as Brazil, Mental RajRefiker
and Maxwell Render have been written in C++ (Suffern, 2008) because @fficient
floating point calculations and algthe object oriented programming logic which gives a
high level of flexibility and reusability. dzF F SNI Q& ¢ NAcades/hihlights BasiO A Sy
but very important points in ray tracing (Suffern, 2008, Chapter 1)
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1. Acceleration Structures foFasterRaySurfacelntersectionCalculations

Unlike the reducing the number of rays techniques, fastersaface intersection
methods has no impact on the final image but on rendering time, memory usage and
implementation.

As mentioned earlier in this paper 75% to 95% of the rendering time is being used by
ray-surface intersection calculations (Whitted, 1980) due to computationally msige

functions such as croggoduct or square root.

a) Brute-Force

Actually brute force is not an acceleration structure most primitive way of
storing the objects in a very simple linear data structure such as an arrayemtar (a kind
of dynamicarray) According to the brute force method, all the primary rays and the
secondary rays need to be tested against all the objects in the array one by one since the
order of the objects in the array are not sortélaerefore the closest primitive intersectg
with the ray needs to be found. For shadow rays, situation is sifnplersincewhenany of
the objects are found between the origin of the ray and the light source then the
intersection tests for theemainingprimitives can be skipped.

To give an xample a scene involvingen sphere primitives with the screen
resolution of 800x600, no reflections and two light resources, the number of intersection

tests is;

800 x 600 = 480°%00 )i "Q ai wi wi
Tenintersection test per each primary ray since all the primitives in the scene
to be tested
480%00 x 10 = 4%8004200 i "Q ¢i i 'O | GO & d
[ SGQa aadzyS GKIFIG 2yS GKANR 2F (KS

4°800%00
Tx 2 = 3%200%00 i BLED i i
And in average fifth object test will find the occluder,
Therefore;
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3%200%00 x 5= 16%00%00 Q4 i QOeE dAd "@i { "BLEO | cud
To sum up;
3%200%00 + 16%00%%00 = 19%200400 test need to be done per frame
C2NJ Hn FNIYSa LISNJ &S Owesfsheed tp be@ona 1 Qn n

Table9 - Brute force is the most primitive method without any additional data structureAs can be seen from the
figures given above, the number of intersection tests is highly dependent to the number oéatisjand the light
resources in the scene.

The only advantage of the brute forcetisat the complexty for the organisation of
the randomly ordered data structure is zero even if the objects are dynamic.

As a result without any arrangement of the objeatsthe scene iis inpossible to
reach aspeed of real time ray tracingy the usesuch techniquesThe next parts will explain
the well known acceleration techniques with their pros and cons.

b) Vista Bufferingg ZF Buffering

Vista bufferings also know as IDrendering. Te idea behind thesenethodsis pre
caching the objects accordancéo the corresponding pixels.

At the first step the scene needo be traced just by the primary rays to find out
which pixels correspond to which primitives and aftack renderthe corresponding object
is tested in this mannerthe probability of finding the closest object increas@se only
difference between the ZF buffering and Vista bufferirsgthatVista buffering records the
bounding volumesn comparison ZBuffering stores a pointer to the objec(Raghuvanshi,
2000).

Howeverthese methodsdoes not provide a significant improvement on rendering
time, nevertheless itconsumes quite a lot of memory space (extra 4 bytes per pared)
only improves the primaryay hit test timinggWald, 20@, p. 3). For these reasorthe two

methods havenot been implemented in this thesis.

C) Bounding Volumes
This ideawasfirstly introduced by Turner WhittedHe suggestethat grouping the
objects in some less complex boundvmgumes would decrease the number of ralgject

intersection tests and fasten ray tracing and he also suggested using spheres as the
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bounding volumesas computationally the fastestntersection tests can be done with
spheregGlassner, 1989)

Basically tk idea is, instead of testing all the objects in a scene, testinthe
bounding volumesuch be dongesince their intersection tests are faster, aladtly testing
the objects in the bounding volumes one by one.

The idea of grouping the objects can rgalpeedup the intersection test due to the
distribution of the objects in the scene and the shape of the objects. Sparse scenes or
scenes with long objects would not benefit frosch amethod. In addition even if the
objects fit to bounding volumes pexttly, this method can provide a linear acceleration
respect to the number of objects in the scerdevertheless, as a resuhese drawbacks
bounding volume hierarchy method is suggestétie methodyroups objecs into bounding
volumes and recursively gups the objects in the bounding volumes into other bounding
volumes. This metho@lso provides a logaritmic complexity to the solutioninstead of
using spheres, using bounding boxes also fairly solves the problem of fitting long objects
into bounding valimes.

However this method still cannot solve the sparse scene proplessidesit has
some drawbacks such as colliding bounding volumes which cause extra intersection tests
since the inner bounding volumes naturally overlaps with the outer volumes (HaX080)

In addition,the efficiency of the intersect tests highly dependent to tistribution of the

objects in the scen@WVald,2004).

Table10¢ a) Bounding Volumes, b) Bounding Volume Hiechies(taken from www.flipcode.com)
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d) Spatial Subvision

Spatial subdivision is the general expression for dividing the scene intaligxied
cells (voxel which means volume cell). Unlik@unding volumesthese cells does not
collapsebut full-fills the whole space and each voxel holds the information ofdbkiding
primitives. Thusa ray only traverses the voxels on its p#tierefore the intersection tests
are only done to the objects colliding with thevoxels. Moreover it is also possible to
predetermine the empty voxels and avoid an unnecessaryv@el intersection test which
is a veryaddition tothe spatial subdivision algorithms.

One of the methods for dividing the scene into voxels, calieiform spatial
subdivision was suggested by Fujirtm (Glassner, 1989). Ake name statesthe idea is
about setting the size of the voxels to a constartiue. Defining the voxel sizes constant
enables traversing the scene in an incremental manner which sawesfor calculations
aimed atfinding the net voxel to be tested. Howevehis gives rise to the problem of
finding the optimum voxel size. If the voxels are too small then the number of voxels
increases proportionally with the memory, thus more memory is needddreover a
LINA YA U A @S @iiag cbndakdd oyl many2vxeld gives rigeecessary intersection
tests. On the other hand if the voxels are too big in that case obviously more than one
object canpenetrateinto one voxel whicltauses unnecessary intersection tesdse of the
solutions for avoiding duplicate intersection tests dhe same objects with a ray is
mailboxing In this method every ray has a unique id and every object hmailboxwhich
stores theresults with the ray ids. Before testing the object against the ray, the maitiho
the object is checked against the ray (Karld Avrg 1991), if the id of the ray matches then
no intersection test is needed. Though this method reduces the number intersection tests it
requires quite a lot of memory since each ray has an id and ebhg@tt has a mailbox
However more time is needed for searching the mailbox as a result the process can be time

consuming.
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Figurel5 ¢ Uniform grid (a), and Octree (b)

Apart from the regular spatial subdivisionthere are alsonon-uniform spatial
subdivisionmethods such a®ctreesand BSP Treehowever these methods will not be
discussed in this paper. For detailed explanation of thesthausthe following authors re
recommenderyGlassner, 989),(Havran, 2000) and (Wald, 2004).

IV. Methodology

As mentioned in the background chapter acceleration structure of the ray tracer
plays a vital role on theerformanceof ray tracingand should be choseto suit the
hardware specifications being used.different cases different methods may have various
advantages against other methods not only in terms of rendering time but also in terms of
usage of other resources such as memory and bus bandwidth

Before giving the reasons why the acceleration struesugiven in the previous
chapter are notincluded in this project the chosen acceleration structurand the
specification of the hardware will be giveiihere after the chapter will end with the

explanation of the methodology of ray tracing in Cell aettiire.

a) KDTree
KDtree is a special kind of binary tree data structure for organising points in k

dimensional space (since the graphics applications run on three dimensional spaces the kd
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treeiyy OKA& LI LISNI gAftf 0S NBEHUWNSASYaKYOK YIIKRID !
multidimensional search. The construction cost for the-tkde is logarithmic and the
average cost of traversing a voxel can be estimatét respect to the number of primitives
in the scene (Shevtsov Maxim, 2007). Another importantnp about KDXrees is its
differencefrom octreewhich divide the 3d space into constant number of pahtscontrast
KDtree divides the space into unfixed parts with planes perpendicular to one of the
coordinate system axdhus differentiating it furtier from the conventional BSP trees.

Since there are different kinds of Ki2es accordingo the optimisationsroughly;
the data structure for a node contains two childipters (just like in binary treeja Boolean
variable showing if it is a leaf node oot, the splitting existsand the splitting position on
that axis.

Theconstruction algorithm o& KDtree is;

procedure Subdivid€urrentNodegCurrentTreeDepth
CurrentSubdividingAxis

if ( (CurrentNodeontains too many objectgnd CurrentTreeDeptls not
too high) )then

Childrenof dzZNNByYy G b2 RS @&a / .dNMBRAIYWR RS2 {

BestSplitPoirnt Find the best splitting point in tHeéurrentSubdividingAxis

if CurrentSubdividingAxis XAxisthen

child1].min® E BestSplitPointof CurrentNod& &Bound

child0].Y | E ®BestsplitPointof CurrentNod® &Bound
NextSubdividingAxis Y-Axis

else ifCurrentSubdividingAxis ¥Axisthen
child1].Y A y @Best3plitPointof CurrentNod® &Bouynd

child0].Y | E ®Best$plitPointof CurrentNod® &Bound
NextSubdividingAxis Z-Axis

else ifCurrertSubdividingAxis ZAxisthen
child1].Y A y dBestSplitPointof CurrentNod@ &Bodad

child0].Y | E ®Best$plitPointof CurrentNod® &Bowad
NextSubdividingAxis X-Axis

end if

for all objects referenced ilCurrentNodedlo
if the objectiswithinclii RNSYy Q&4 02 dRAYy 3 O

IRR GKS 202S00G 2 GKS OKA

end if

end for
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Subdivide¢hild0], CurrentTreeDepth+1, NextSubdividingpxis
Subdivide¢hild1], CurrentTreeDepth+1, NextSubdividingpxis

end if

Tablel1 - Seps for constructing a kttee, taken from(Havran, 2000)
The major problem of constructingkD Tree is determination of the division planes
since KErees are not fixed divided.
As shown in figure 16, dividing a scene into two parts can be done inatevays.
The problem is finding more suitabledivision to increase the efficiency of the #e as
well as the ray tracer. The optimisation is based on a simple rule; large areas with few

objects or small areas with many objebiksth work faster (Martink., 2006).

A A
& A & A

Split at the middle Split at the median

A
A\

A

Cost optimized partitioning

Figurel6 - Different division methods, taken from lecture slides of Martin Eisemann

The cost optimisation formula according to the rulemioned above is;
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Cost(cell) = C,,, + P(hitL) X Cost(L) + P(hitR) X Cost(R)
where;

Cyov: Costs for intersecting splitting plane and choice of next voxel
Cirav: Costs for intersecting splitting plane and choice of next voxel
P(hit L): Probability that the ray hits the left child

P(hit R): Probability that the ray hits the right child

Cost(L) : Cost for left child node (~number of triangles)

Cost(R): Cost for right child node (~number of triangles)

Equation2 - cost equation to split the space with higher efficiency, taken from lecture slides of Martin Eismann

Contrary to the computationally expensive construction method of theTké,

traversirg is very fast ani simple as the traversing algorithm shows below;

function RayTreelntersect(ray Ryde min, max): object
if nodeis emptythen
RayTreelntersect £ Y2 AYISNARSOGA2YyE
else
if nodeis a leathen
Intersect ray R with each object referenced in the leaf discarding thg
farther away tharmgx A o ) o
RayTreelntersest 0 KS € 202S0OU 6AUK U0KS O
Else
t H the signed distance along ray to thplitting plane of thenode
b S I Nde ehild ofnodefor half-space containing the origin of R
Cl NIKHS ¢ 2 (i K Sodédc i.eOnfst eduak to Befir
If (t>max) and (t<Ohen
{Whole interval is on near celrecursion.}
RayTreelntersest RayTreelntemct(R,near, min, max)
Else
If t < minthen
{Whole interval is on far cejlrecursion.}
RayTreelntersest RayTreelntersect(fRar, min, max)
RayTreelntersect RayTreelntersect(Rear, min, max)
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{The ray intersects the plamgecursion}

hitDatar RayTeelntersect(Rnear, min, t) { Test near
cell}

if (hitData indicates that there was a hitjen

RayTreelntersect [hitData]

Else
{There was no hit in the near cellest far cell.}
RayTreelnterseat RayTreelntersect(Rar, t,
max)

end if

end if
end ff
end if
end if

Tablel2 - Steps for traversing a kilee, taken from (Havran, 2000)

B. Cell Architecture

oSnce the invention of thentegrated circuitin 1958, the number ofransistorsthat
can be placed inexpensively on an mrtated circuit has increaseekponentially doubling
F LILINR EA Yl (St & Qéo@Sfhaina 4 8 RE B SVikipeHid.

As shown in the figure below, speed improvement of microprocessors in accordance
to the transistor size will end over a certain leasl the power density on chips will reach
very high levelsBecause of thiseason instead of reducing the transistor size and fitting
more transistors in the same chip size, the last few dec@tiesimprovementin the speed
of the computer systems is bey kept by using mulihread architectures. Cell is jushe
the multi-core architecture kinds, which is for example beumed in one of the game
consoles called PS3 as the main processing architectdee.the multiprocessor
architectures will be widglused in the near future this project will focus on implementation

of ray-tracing on multicore stream processing architectures.

MSc Dissertation 19/12/2008
Umut R. ERTURK



39| Page

1000
Wicm2 Nuclear Reacto,.}./
100
* ®
Pentium Il
10 Hot Plate Pentium ll®
entium Pro®

Pentium®

1386_<7186

1 I | I | I I I I I
154 1u  0.7p 05p 0.354 0.254 0.18u 0.13u 0.1p 0.07p

Source: Fred Pollack, Intel. New Microprocessor Challenges
in the Coming Generations of CMOS Technologies, Micro32

Tablel3- Energy density table (Taken frolBM Cell Processor Overview Presentati(2006)

As the multiprocessor architectures will be widely used in the near future this
project will focus on implementation of rayacing on multicore stream processing
architectures.Cell is a heterogeneous multiprocessor architect(Benthin, Wad, 2006 )
compound of eightsyneqistic processing elements (SPEs also calleds@aigistic
processing unitand one 64bitPowerPprocessingelement (PPEalso called PPBower
processing unjt all attached to a highandwidth bus called Element Intentoect Bus (EIB)

(IBM Cell research, August 2005).

PPE is the general purpose main processing unit similar to conventional CPUs having
one internal L1 cache and one L2 cache, which is connected to the EIB. PPE also have direct
access to the main memory.

The power of the cell architecture comes from the SPEs which are specialised
cacheless vector processing units with 256KB of local memory for the code as well as for the
data, with the clock speed of 3.2 GHz. Instead of caches each SPE has 128bit, 188 regist
which also means an SPU can process 128bits of data in one cycle. On the other hand each
SPE has its own RICS (Reduced Instruction Set Computer) based instruction set besides there
is no branch prediction for the instructions which causes extra fatok for the code to be

run Benthin, Wald, 2006 In addition to that, the main memory can be used explicitly by
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DMA (direct memory access) with the speed of 25 GB/s moreover by using the EIB it is also

possible to transfer data from one SPE to anothehuwilite speed of 300 GB/s.

SPE

PU [SPU PU PU PU PU PU | [EPT

[ sxu_Ji(fi[_sxu_Jiii[_sxu ][ sxu [l sxu Jfiiil_sxu Jif|{[_sxu_[fii[ sxu ]
¥ ¢ : ¥ t ¥ ¥ ,
LS LS LS LS LS LS LS LS

y A

|6810de ! X y A
@ EIB (up to 96Bicycle) ))
PPE 168icycle 1 16Bicycle 16Blcycle (2x)

Source: M. Gschwind et al., Hot Chips-17, August 2005

Figurel7 - Cell Block Diagram (taken from IBM Cell research web page)

The specifications given above have a big impact on programming. First of all the
limited memory size, fast data transfer speedtlo¢ bus and the restricted memory access
of the fast synegistic units obviously shows that the architecture is a SIMD (Single
instruction Multi data) architecture which fundamentally changes the programming
attitude. Secondly the nonhomogeneous struct@ of the Cell architecture forces the
programming side to be divided into heterogeneous proces€esthe other hancdhaving
the ability of spontaneously transferring data between SPEs gives a big flexibility for
distributing the processes between the SPEsaddition to these, explicit memory access
drives the memory management to be done on the SPE side which also has a big impact on

the data structures since the physical memory addresses of the data elements are changed
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after transferring data from the min memory to the SPE local storage. Another impact
which hardwarehason programming is the vector specific processing structure of the SPEs.
Since an SPE can process 128bit of data at a time, theoretically it is possible to reach 25.6
GFlops at 3.2 GHorf single precisionBenthin, Wald, 2006 To achieve this point of
efficiency the basic data types should suit the hardware. These kinds of variables called
intrinsic variables; intrinsic variables can be processed by intrinsic functions which extends
the programming language in a way. For instance instead of using scalar variables, using a
set of variable in one vector variable and making calculations on these variables at a time
Therefore the use ofthese intrinsic functions may increase the processspueed
tremendously. However to use these variables efficiently each line of the code needs to be
coded according to these functions which results with high level of complexity in the
implementation.

As a result the Cell architecture provides a signifigarallel calculation poweiThs
is exactly what can fasten up ray tracing. On the other hand it changes the programming
attitude, data structures and even the simple variable usafjas isbecause of its vector

processing architecture with RISC basedruction set and the restricted memory size.

C. Why KD-Tree on Cell
As mentioned in the literature review of this thesis the scene data structure plays a

crucial rolein the three fundamental steps of the ray tracing algorithm as shown in fig8re

on rendeing time and also on implementation complexitowever each acceleration
structure discussed in the backgrountapterhas different advantageand disadvantages
depending on the hardware. The Cell architecture used for this project has two major
constrants as mentioned above; 256 KB restricted memory size shared for code as well as
for data andun-branchpredictedexecution order. On the other hand its execution speed,

bus speed and fast vector calculation capability are very important attributesoéytstem.
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Figure18- Acceleration structure is being traversed in two steps for each ray sent from the camera

Because of the memory restrictipWista buffering method is eliminated sinitaises
a list of four bytes (for raygnters or ids) per each objethus consumes lots of space on
the memoryeven though it is just a helper structurenetheless its improvement on the
ray tracing speed is only 10%.

In addition to the vista buffering method, regular grids also uses qaitet of
memory space depending on the object and the grid size. For instance, let us assume that
the regular grid divides the space into ten parts for each dimensieaningit divides the
scene into 100010 "@i w x 10"@i wx 10"@i &) bounding boxes eacktoring a lis of
pointers to the objects colliding with &nd two floating points for the size of each bdx
addition to the high memory usage, the efficienayd the memory usagef this method
highly depend to the object and grid size ratio.For that reason thismethod is also
eliminated.

Bounding volume hierarchies method is a less memory extensive methogare
to grids howeverits overlapping volumesloes not only mean additional calculations but

also means unnecessary branching while traversing the sampating one of the weak
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points for execution on the SPUs. In addition to these problems efficiency oniBifg
dependent tothe distribution of the objects. Because of these weak points the BHVs is also
eliminated.

On the other hand KDree is not a memy demandingacceleration structure as it
divides the scene into axadigned boxes according to the object distributed in the scene
therefore there are no unnecessary boxes is being crededeoverthe number of objects
per box can be fixethus prevening unnecessary object ray calculations per box. In addition
to these advantages, as Kiee is a special kind of tree, traversing cost of the scene is
logarithmic unlike the regular grids besides since none of the bounding lowezkap with
each othertherefore the number of branching is less compdn® BVHsThe trade off for
these improvements is the construction cost of the structusbich also effects the
traversing efficiencyhowever since the maipurpose of this project is adopting a KDTree
implementation to Cell architecture, the problem of ray tracing on dynamic scenes will not

be taken intoconsideration

D. Distribution of Ray Tracing Steps
After starting the main acceleration structure to be used on the Cell hardware, the

first methodswere to be considered before the implementatioof distributing the tasks

between the processors without violating the limited memory (256 KB) areas of the SPUs.
Some oftasks for the ray tracing algorithm that will be implemented in this project

are;

Constructingaccelerationstructure (KBDTree)

Generating eye rays

Traversing the acceleration structuf€DTree)

Generating reflection and refraction rays

= =2 =/ =

Finding the final colour of the corresponding pixel

The planned distributions of the jobs are shown in the fgelow.
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Figure19 - Job Distribution

As shown in the figure, construction of the KBee structurecan onlybe handled in
the host processor. After construction of the trabe host processor will kick the tree data
structurei 2 S OK &GNBFY LINROSaazNRa 201t YSY2NE
processor will use the same KD Tree data structure and the same camera orientation to
create the eye ray§rimary rays)Eye raywill be created in the SPU just before travegsin
the scene thus the computatiopower of the SPUs on vector operations will be taken into
advantage besides no memory space will be used for the primary rays.

Eachthread will be responsible for a fixed area on the scrd2me tothisreason, the
range d the pixels which a thread will be responsible for, needs taabsignedfor each
individual thread Since the colour values to be displayed on the screen are actually stored
in a sequential array, instead of dividing the screen into rectangular regihsassigning
the rays corresponding to these regions to the threads, the pixels in the same row are

assigned to the threads as shown in the figurel20he main advantage dhis method is;
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since all the result colour values of the pixels are needed tedmt from the SPU memory
to the PPU memoryhy assigning the pixels in a line to one thread these pixel data can be
easily sent as a block of data without any other additional bus usage or memory location

calculations (figure 2@) making this method sodvantageous

Thread 1

Thread 2 [
Thread 3

Thread n
Thread 1

Thread 2
Thread 3

SPU-1 memory (result of thread 1) SPU-2 memory (result of thread 2)

[TTTIITITITITITTI) o nnnnd

PPU memory

Figure20- Screen area assignment between threads is done in a very simple manner; each thread traces the
rays corresponding to a row of pixels

To sum upthis chapter the reasons of choosing the acceleratistructure to be
implemented on the Cell architecture and the distribution method of the jobs are discussed.

In the next chapter implementation of the methods will be given in details.
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V. Implementation
A. Outline of the Project Implementation

The main purposefahe project is implementing a ray tracer on one of the recent
multi-core architectures called Cell by using-KRie acceleration structure. It should be
noted that, this project is not aiming to implement a completely newTK&e structure, but
to adopt a previously implemated KDTree structure to Cellinvestigate and explore its
usage and effectsn ray tracing time within thenulti-core architecturehen comparing the
results with the single core PC implementation. Therefore the specifications ohytteacer
are kept as simple as possible.

Ideally a complete ray tracer should handle all the rendering steps such as texturing
and rendering of the fundamental primitives such as triangles, polygons, triangle meshes
even spline surfaces. However due hettime constraints, implementing a whole ray tracer
was not possible. Because of that reason instead of creating a complete one ray tracer five
different very primitive ray tracers have been implemented handling only spheres and
planes without texturing o Cell and also on PC. Besides, theTkd2 construction and
0Nl OSNEAY I YSUGK2RA AY (KA A(flipcad® 20840(10ik5,12008) o0 &4 S|
work with his permission.

The implementation of this project is divided into four main steps. Infife¢ step
windows version of a very simple ray tracer have been implemented. In this version of the
ray tracer none of the acceleration structurage implemented but the objects in the scene
are stored in an array without any orderingfhere are two mai reasons for creating such a
premature ray tracer; programmatically understanding of ray tracing and creating a simple
frameworkon whichto easily build up the more ray tracers. This early version of the project
is kept for testing purposes. The seconelsis basically adoptinghte primitive ray tracer to
Cell. Implemetingthis step was one of the most complex steps because of the rieeeled
to understandthe programming on Cell architecture. Besides this step can be considered as
the main step provided that design issuesencerningimplementation on Cel(such as
mapping the main memory to SPU memory issueyebeen solvedThird step is relatively

the shortest step since the KONBES O2y aiGNHzZOGA2YyY YSGiK2R&a& | NB
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implementation as mentioned earlier.
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framework was already ready. However adopting all the data structir&P 4 turned out

to betime consuming.

These implementation steps and the data structures will be discussed iresthef

this chapter into four parts.

Basic Basic
Windows :: > Cell
Version Version
KD-Tree KD-Tree
Windows > Cell
Version Version
Bast‘:ysi;iows Basic Cell Version KD-Tree Win.Version KD-Tree Cell Version
10 Days 15 Days 7 Days

TIME

D

Figure21- a) Project Implementation stepdy) Time used for implementation of the steps (approximated)

B. Basic PCImplementation
This step of the implementation process is mostly basedthe creation of the

framework andthe understanding of the simple ray tracing algorithm for the next steps of

the project.

Since the ray tracing process has the objects in the scene as the main input data and

the pixels as the output datéhe project cale is organised in a similar object oriented

structure as shown in the figure 22.

MSc Dissertation
Umut R. ERTURK

19/12/2008

~

a

0K

f -

z



48| Page

I VisualQutputProvider
Colour OutputBuffer
values of | [seteutero
the pixels | T
/ \ I RayTracer Scene
scene camera
oo I rays renderables
c trace() & lights
o | rayTrace() addRenderable()
© generateEyeRays() getNearestRenderable()
; | getNearestRenderableDist()
z |
oc Renderable <abstract>
| material
. . type
Objects in | isLight
getDistance()
the scene | getNormal()
isintersect()
| getReflectionRay()
| Plane Sphere
normal origin
| d radius
getReflectionRay() radiussq -
| isintersect() getReflectionRay()
getDistance() '5'"‘?““‘0
- getNormal() getDistance()
getNormal()

Figure22 - Organisation of the basic frameworfpbasic data structures such as Colour, Vector and Pixel are excluded)

In the structure shown aboveall the objects are stored in an array inside the Scene
class. For that reason the functionality of finding the nearest colliding object in the scene
with a ray is also handled by the Scene cl&ssce there is no acceleration structure for fast
ray-object intersections the implementation of the scene class is very simple and straight
forward. Apart from storing the objects in an array and finding the nearest intersection
point Scene class does nothing.

Planes and spheres are the only primitives implem#ed in this version of the ray
tracer both deriving from the Renderable base class. Renderable is an abstract class having
the common attributes of the primitives such as materiglhe naterial structure has four
attributes these are; colour vector (redyreen, blue colour values), diffuse level, specular
level and reflection level. All these values must be in the range of zero and one where one is

the maximum value. The material class is the main class where the surface properties of the
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primitives are reresented. A Renderable also needs to be identified if it is a sphere or a
plane according to the type informatidior the programming purposes (type cast issue) for
that reason Renderable class has the type attribute. The reason why the Renderable class i
abstract is because the functions (getDistance(), getNormal(), isIntersect(),
getReflectionRay() ) whialeedto be overridden since the results of these functions varies
from one primitive type to another. For instance the plane class getNormal funetams

only the normal attribute however the sphere class returns a value after doing some
calculations Since the reflection works according to the normal of a primitive at a certain
point, getReflectionRay() functias also needs to be overridden.

The most important class of this step is the Raytracer cdasthe main purpose of
this step is simplyo havea simple visual resylhot accelerating. RayTracer class has two
important function these are; generateEyeRays and rayTrace. generateEyeRaysnfunc
creates all the primary rays before starting the rendering process. This approach consumes
guite a lot of space on the memory since for each pixel at least oneagyis beingreated
and one ray isa compound of two vectors which i@ compound of thee floating point
numbers (coordinates). With the assumption of 4 bytes per floating point number, each
primary ray consumes 24 bytes. In that case with the resolution of 600x800, the total
YSY2NE dzaSR 2yté& F2NJ LINAYI NEBE thdotheérhardsinoen n Ey n .
the position of camera (also the view plane) does not change every frimseapproach
savesfrom one vector subtraction and one vector normalisation per primary ray per frame.
The trade off between the number of calculations and themory usage is again an issue
and inthis case the precomputed primary rays are used since 11 MB of memory space is
not a big problem for conventional PCs besidesiormalisation function is very time
consuming for ordinary CPUs.

After giving the purpass of the classes shown in the figure 22, for a better
understanding of the working mechanism of they tracing algorithm, implementation is
going to be explained in execution order.

First of all the colour buffer is being created by the VisualOutputBeovi
(OutputBuffer) according to the resolutiorince the RayTracer class is derived from

VisualOutputProvider, the colour buffeautomatically exists in RayTracer as a one
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dimensional array of unsigned integers (colour value for each pixel is 32 bith whic
corresponds to an unsigned integer size). After creating the empty colour buffer (all the
pixels colour values are set to zero which represents the black colour) to be filled by the ray
tracer, the next step is creating the scene and filling the scetie twe desired objectsln

the constructor of the scene class the camera is being creaf@idh iscomposedof the
location vector and the view plan&he view plane can be defined by only two vecttop-

left and bottomright positions in scene spacép to that point, by creating the colour
buffer, setting the camera and the objects in the scene, all the inputs are being prepared for
the ray tracing. Consequently the next step is starting the rendering process by calling the
render function of the RayTcar. Since each pixel needs to be computed independently,
render function calls the raytrace function of the RayTracer for each pixel in the screen with
the parameter of the previously prepared primary ray corresponding to the pixel being
rendered. This €p is simply done ifor loop The first thinghat the raytrace function does

is finding the nearest intersecting object with the ray and the distance between the starting
point of the ray and the object. As explained above the responsible class ofgfitidirray
object intersection is the scene clasbecause ofthis reason raytracer calls the
getNearestRenderable functiaf the Scene clas$his function simply tests each object if it
intersects with the ray to find out the nearest intersection poiHaving the information of

the nearest intersection point and the nearest object, raytracer functimates theshadow
raysfrom the intersection point to each light sour¢e find out if any of the objects in the
scene occludes the light ralf.there isno object between the light source and the point it
means that this point is illuminated by the light source therefore the colour value needs to
be calculated according to the material properties of the object and the colour of the light
source.If there 5 an object between the light source and the intersection pdintpeans

that this point is in shadow sthere is no need for calculatindpe colour value. Lastly, in
orderto tracethe ray recursivelythe reflectionray gets created according to the moal of

the intersection point, which is provided by the object itself (getReflectionRay function), and
the ray tracer function calls itself by giving the reflection ray as the parameter if the number

of maximum reflection limit is not reacheax if the maerial of the objects is reflectivéfter
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reaching the reflection limjtthe final colour value gets written to the corresponding pixel
point.

As a result of that step a very simple ray tracer structure is constructed within about
ten days. The main probies encountered during the implementation of this step were
mostly very basic but fundamental problems. For instance, at the beginning, instead of using
floating point colour values for each channel (red, green, blue) in the ray tracing process,
one unsignd integer was used to avoid floating point operations. Howeties resultedin
imprecise result colour values. Finding this problem and fixing it took alenday. Another
problem was about starting point of the light and the reflection rays. Since dlieobject
intersection algorithm works precisely, the intersection point is always found on the object
surface colliding with the object itsdtiowever this point should be just a little bit outside of
the object otherwise the nearest occluding object bt point is always the object itself.

The next steps of this chapter will be explained in an incremental manner to avoid

duplications.

C. KD-Tree PC Implementation
This step is an extension of the previous step with an additional i€B structure.

Since tle Scene class is responsible for the objagt intersections and the purpose of
having a KHree structure idecause othe fundamental change made on the Scene class.
The main additional classes are KDTree, KDTreeNode and the ObjectList.

KDTreeclassis simply responsible for the construction of the tree structure and
storing the root node of the tree. KDTreeNode structure is the main data structure where
the axis aligned bounding box is defindthe objects in that bounding box are stored and
the two dhildren nodes of the nodare stored. In order to store the objects in the bounding

box the data structure used is a linked list named ObjectList.
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Figure23- Class Diagram of KDTree PC Implementation

Moreover, n order to provde the structured input data to the ray traceFrstly the
data structureneeds to be constructed before the rendering process stitsvever there
is no pointof construcing the tree simultaneously as the objects added to the scene.
Therefore the cortsuction of the tree is made once, after adding all the objects to the

scene.
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The construction method works as follows; the build function of the KDTree class is
called by the scene. In the build function, firstly all the objects are added to the rootafode
the tree. Theredter, the subdivision process of the roabde starts in order to divide the
scene into bounding boxes according to the location and the size of the odjesisbdivide
function, firstly the axis is determined by checking the sizetlod dimensions of the
bounding box. In the next step, the objects in the boundoux are split temporarily in
different combinations and the split positions are stored. The main purpose of doing that is
finding the best splitting position as KDTree casiction is predictable. After finding the
best split position the next step is splitting the tree node into two parts and determining
which objects go into which child tree node. By splitting the tree node into two parts the
previous tree node écomes a no-leafFnode which means the objects list in this node
becomes redundant and needs to be cleartd this reason theclearObjectLists called to
clean the memory. After dividinthe node into two parts and cleaning the memory the
subdividefunction callsitself in order torecursivelycontinuethe division until areaching a
predefined number of objectper each box. Defininghese value small resuli® deeper
trees which means more memory consumption and more {ir@@erse time On the other
handthis also results with less ragbject intersection calculations

Traversing the KDTree d®ne in thegetNearestRenderable functioof the Scene
class.The traversing function starts with clipping the ray@ (1 KS y2RSQ&a aLJ A
splitting position. If here are any other child nodes tersecting with the ray segmergas it
is clipped}his process is repeated until reaching the leaf node which intersects with the ray
segment since only leaf nodes stores the list of objeiswever dter reaching the lea
Yy2RSTI (KS 202S0Ga Ay GUKS ST y2RSQa 262501
of testing all the objects in the space against the ray, by finding the corresponding leaf node
only the objects in the object list gets testsdvingthe calculation time.

In the KBTree PC implementation a Memory class is used for managing the memory
and using less memoryowever this structure will be discussed in the next section as the
purpose of using this Memory clagss actually making the adaptatiof the PC version to

the Cell easier.
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D. KD-Tree Cell Implementation
This step is the step where the PC implementation of the ray tracer is converted into

an SPU implementation. As explained in the methodagltdgy ray tracing code should to be
divided inb two parts;the first part which runs on the PPU (main processor unit) and
prepares the input data structure to bgentto the SPU memoryThenthe second part
whichruns on the SPUs where the output (pixel colour) data is produced.

For the data transfebetween the memories th®MAlibrary of PS3 is used and for
timing purposes as well as for displaying purposes the framework library of the PS3 SDK is
used However since the framework is confidential these parts are extracted from the code
andtherefore not submitted within this project.

Explaining the execution order will provide an easy understanding of the
implementation; just like the in the PC implementation, firstly all the objects needs to be
added to the scene and the KDee structure needs to beonstructed.At this stage a
problem is encounteredeach treenode stores its child nodes with a pointer address which
is a 64bit number representing the main memory address of the child node. Similarly the
object list structure stores the next objecttlisy using a pointer as well. At first sight it
R A Rsgemiito be a problem and was unpredicted before the implementation phase that is
why this problem has not been mentioned in none of the previous chapters. The problem of
having pointers in the data stctures issimply becausgointers showpoints to the main
memory addressedHowever SPUs can explicitly access the main memory which ntiezins
each access SPU has to use DMA calls for transferring the data from the main memory to its
local memory and tls solution is not really practical since even if the DMA calls were not
time consuming calls, there is a possibility that the memory addresses of the objects might
OKI yas 2y SESOdziazy GAYS RSLISYRAYy3I 2y (KS
valotile keyword (which is used for guaranteeing that the memory address of a data can
never be changed) can be used for all the data structures to avoid this problem but still the

slow DMA calls araproblemandvalotile keywords may slow down the execution
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Figure24 - The tree andobject list pseudo representation
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Figure25 ¢ An Example memory organisation of the data structures on the PC implementation; Hiidlekl boxes
represents object lists, gray filled boxes represents KDTree nodes, and the rounded boxes represents the object data

Theimplementedsolution on this projectis instead of having pointer addresses for
A02NAYy3 202S00aQ YSY2 NEmemdiyRuedDfdr @a8hadata dtdictd@ A y 3 |
and using index values relative to the starting point of the chunkhiscase even if the
OKdzy1 Q4 YSY2NE | RRNB&aa OKthe/n@is &nemory to ShHBRAUNI vy a F
memory there will be no problem sincethe relative addresses will never changenother
pro of using index values instead of pointer addressé#saisthe size of the index values can

be chosen smaller than 64 bits which saves memory sganehe other hand the cost of
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using small index valuedi 2y S | RRAUGAZ2Y YR 2yS o6A0 YlIalAy

for each memory access of the data structures.

S N .
Tree Node VR A U
chonk I2JLZII3 T2 JI2 18] N I O O
Object List oflofo
Chunk E o | | | ] | [ | |
. i - e . - . . l . i . . i
Db]ec::ﬁjr:i [ object1 data | [ Object2 data [ Object3 data | Objectadata [ Objectsdata | |

Figure26 - An Example memory organisation of the data structures on tABUmplementation; blackfilled boxes
represents object lists, gray filled boxes represents KDTree nodes, and the rounded boxes represents the object data

typedef struct KdTreeNode typedef struct KdTreeNode
float  m_Split;  // 4 bytes float  m_Split; Il 4 bytes
struct KdTreeNode * m_Left; Il 4 bytes
{ KdTreeNode * m_Right; I 4 bytes
unsigned int  m_Left:14; bool m_IsLeaf; //1byte
unsigned int m_Right:14; unsigned char m_Axis; //1byte
unsi gned int m_lIsLeaf:2; ObjectList* m_ObijectList; /14 b
unsigned int  m_Axis:2; }
Y. I/ 4 bytes
struct typedef struct  ObjectList
{ {
unsigned int m_ObjectList:10; Renderble * m_Renderable; //4b
unsigned int  m_ID:14; ObjectList * m_Next; // 4 bytes
Y. I/ 4 bytes }
}
typedef struct  ObjectList
{
struct
{
unsigned int m_Renderable:12;
unsigned int  m_Next:10;
unsigned int m_ID:10;
Y. I/ 4 bytes
}
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Tablel4 - Data structure for KDTree and Object list; a) compressed data structure for SPU, b) naive implementation of
the data structure

As stown in the tablel4 by using bit fields the size of the KDTree node is reduced
from 18 bytes to 12 bytes3B% compressignand the object lisstructure reduced from 8

bytes to 4 bytes (%50 compression).

';f:j:tgf;s For each pixel Record the
from the Find the in the line result colour
malh memory image line to calf:ulate the =] Trace the ray value to the
to the SPU be rendered primary ray current colour
direction buffer
memory
After f-inishing
the line to be
Switch the send the rendered wait
colour buffer current colour if the
to the next buffer to the previous
one main memory colour buffer
transfer
continues

Figure27 - Executionorder of the SPU program

The next step of the execution is preparing tilgumentdata structure to be sent to

the SPU program main function as a parameter.

struct  argument {

uint64_t p_ObjectAddress;  // effective memory adress of Object data chunk

uintlé _t numOfObjects;  // number of objects in the scene

uinté4 t p_ObjectListAddress; /I effective memory adress of the
ObjectList chunk

uintl6 t numOfObjectLists; /I number of object lists in the scene

uinté4 t p_TreeNodeAddress; // effective memory adress of the tree node
chunk

uintl6 t numOfTreeNodes; // number of tree nodes

uint64_t p_LightAddress; /I effective memory adress of the ligt resources
chunk

uint8_t numOfLights; / number of lights

uint64_t p_ColourBufferAddress; /I effective memory addre ss of the colour
buffer

uintl6_t numOfPixels; /[l number of pixels to be rendered (each spu
renders one line therefore the with of the result image)

uint8_t spulD; // 1D of the spu

uint8_t numberOfReflections; IIreflection limit

/I camera and viewplane informtion

Vector3 cameraOrigin; //

Vector3 topLeft; //

Vector3 bottomRight;

float deltaX; //

float deltaY; //
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Vector3 extendsPos;

Vector3 extendsSize;

uint8_t numberOfSPUs; //
}

Table15- Argument data structure to beent to the SPU program

Apart from thespulD attribute all the other parameters are set with the same values
in the initToSpwrocedure. After constructing KDTree structure gmdparingthe argument
data structure, execution continues on the SPU side. @Bgram firstly, fetches the data
structures (objects, object lists and tree nodes) from the effective addresses of these data

structures by using DMA calls (Tahg).

cellDmalLargeGet(&(g_ObjectLists[0]), g_Config.p_ObjectListAddress,
sizeof (ObjectList) * g_LastObjectListBufferPoint, (TAG+g_SpulD), TID, RID);

cellDmaWaitTagStatusAll(1<<(TAG+g_SpulD));

Table16- An example DMA call for fetching the object lists from the main memory to the SPU memory

The fourth parameter of theellDmaLargeGdunction is thechannel idfield which
can be considered as the identity of thetransfer. The next line is
cellDmaWaitTagStatusAll(1<<(TAG+g_SpulD)); which pauses the execution at this
point until the whole data with the given id is transfed. After fetching all the necessary
data structures for the ray tracingfye next step is the rendering process which has already
been explained in the previous step of the implementation. However there are two
differences. First difference is; eachmary ray is calculated during execution time since the
memory size is restricted and the second difference is; the line on the screen is calculated to
be rendered. To give an example, let us assuha there are 600 lines and SPUs are
running simultaneasly, in that case each SPU has to render 100 lines (lines to be rendered
FNE RSUSNNYAYSR FOO2NRAYy3I (2 (GKS {t! Qa L50d ¢
a colour buffer and after finishing the render of a line, the colour buffer is setiidanain
memory. Atthis point, if a single buffer is usethhe execution has to pause until the data is
written to the main memory otherwise¢he colour buffercan be overwritten by the ray
tracer before being sentThis problem causes unnecessary delath@execution as shown

in the figure 28.
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Filling colour
buffer

Tracing line 1

\\[o] No

Filling colour
buffer

operation s——————s  Operation ——

Tracing line 2

DMA transfer of
colour buffer

DMA transfer of
colour buffer

\[e]
operation

DMA transfer of
colour buffer

Figure28 - Single buffer causes unnecessary waits in order to avoid overwriting the data being sent

F. colour
buffer 1

Filling colour I

Filling colour
buffer 1

F. colour
buffer 2

buffer 2

Tracing line 1 Tracing line 2 T. line 3 T. line 4

DMA transfer of
colour bufferl

DMA transfer of
colour buffer2

—ve 2

Figure29 - Double buffering is a practical solution for th problem which is implemented at this step of the project

The solution fothis problem is double buffering. By using two buffers, while the first
buffer is being sent to the main memory the second buffer can be used to continue the
execution. The conef this method is the memory used for the buffers. Let us assume one
SPU needs to render 100 pixels per DMA transfahis case the memory used for the
colour buffers is;100x2x3bytes (red,green,blue)=60f/tes however the gain from the
transfer time ismore important compard to the extra 300 bytes of memory spacEhe
code section below shows how the double buffering is applied for waiting the next colour
buffer data to be transferred. The first-else condition is used foidentifying the next

colourbuffer to be waited.

if (g_CurrentBufferNo ==0)
cellDmaWaitTagStatusAll( TAG + g_SpulD * NUM_OF_BUFFERS +
NUM_OF_BUFFERS 1); /l wait until the transfer with the given ID is completed

else

cellDmaWaitTagStatusAll( TAG + g_SpulD * NUM_OF BUFFER S+
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g_CurrentBufferNo - 1); /1 wait until the transfer with the given ID is
completed

cellDmaLargePut(&(g_CurrentBuffer[0]), g_p_ColourBufferAddress ,
sizeof (RealColor) * (WIDTH ), (TAG + g_SpulD * NUM_OF_BUFFERS +
g_CurrentBufferNo), TID, RID);

g_p_ColourBufferAddress += sizeof (RealColor) * (WIDTH) *
g_NumOfSpus;

g_LineCount += g_NumOfSpus;

Tablel7 - Code part for double bufferingbefore continuing theray tracing process waits until the next buffer gets
transferred

After transferring the colour buffer data, the last step is switching the colour buffer
with the nextcolouring bufferand continuing the execution the same steps until all the lines

assigned to the SPU are rendered.

To summarisehe implementation process toolapproximatelyforty five days of
evolutional implementation process. Starting from the most basic implementation of ray
tracing and forwarding step by step from thHeasic ray traceto the aimed ray tracer
enabled better understanding of each step and raabrting out problems easier. On the
other handthe implementation process took longer than expected becausthefuse of
the evolutional model for the development process. However at the end the desired
implementationwas achievedind the data is colléed for comparing the Cell and the PC
implementation of the ray tracein orderto understand the contributions of parallel ray
tracing as well as the KD Tree acceleration structomethe ray tracing performance.
Therefore in the next chapter the rendegntimes of the same scenes between the

implemented ray tracers will be discussed.

VI.  Project Outcomes

In this chapter of the thesis the rendering time results of the ray tracers will be given
and discussed. The hardware specifications of the PC used fer$t@of the ray tracers is
as follows;

Sony Vaio laptog VGNFZ18E

Intel Core Duo CPU T7100 @ 1.80 GHZ, 32 bits

2 GB Ram
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Windows Vista Operation SP1, 32 bits
However it should be noted that only one CPU is being used for ray tracing purposes

since the B implementations are using single thread.

Thespecifications of the used Cell architecture are already given in the methodology

chapter.

A. Basic PC implementation without any acceleration structure
In this part the figures taken from the simple implememntat of the ray tracer will

be given and discussed to investigate the effects of the factors such as number of objects

and number of reflections on ray tracing time.

fps
spf (frame per
Number of intersection | (second per % oftime cansumed by | second)
balls total time (ms) | time(ms) frame) intersection test
75.363
1 3994 34941 0.013269103 87.48122183
48.237
2 6240 5896| 0.020730897 94.48717949
35.271
3 8534 8129| 0.028352159 95.25427701]
27.922
4 10780 10296| 0.035813953 95.51020408
23.108
5 13026 12635| 0.043275747 96.99831107
19.669
6 15303 14870| 0.050840531 97.17048945
17.135
7 17566 17054 0.058358805 97.08527838
15.229
8 19765 19420| 0.065664452 98.25449026
13.733
9 21918 21542 0.072817275 98.28451501
12.464
10 24149 23901| 0.080229237 98.97304236
linear object ray intersection results
number of reflections 1
num of test frames 300
Resolution 800 x 600
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0.090

seconds per frame (ms

0.080

0.070

0.060

0.050
0.040

0.030
0.020

0.010
0.000

=¢=—second per frame

Chartl - Rendering times for the basic ray tracer on PC

As shown in the line chart above, the rendering timeéases linearly respect to the

number of balls in the scene since the number of intersection tests increases linearly respect

to the number of balls as wel\With this simple implementation without using any

acceleration methods after six balls the numlzdérframes per second goes below 20 which

shows that for a fast ray tracer number of intersection tests per ray should be under 6 for

the used hardware.

Time used for intersection tests

30000

25000

20000 >

15000

10000

5000

Time used for intersection test:

Chart2 - Timesused for ntersectiontests, for the basic ray tracer on PC
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% of total time used for intersection tests
100.000
98.000 %&A 98.973
96.000 D2 7o 0%
' 94_4W5.510
94.000 / 2.254
92.000 /
90.000
88.000 -—¢g7.481
86.000
84.000
82.000
80.000 T T T T T T T T T 1
1 2 3 4 5 6 7 8 9 10
=¢="0/ of total time used
for intersection tests

Chart3 - Percentage of the intersection calculation timeser the whole ray tracing
The two chars above showhat the time consumed for intersection tests increases
linearly and the percentage of thigme consumed by the intergtion tests is in the range
between 87% and 99% as stated in the background part of this tAdgsmain reason why

the pattern of the figure above seems like steps might be because of cache misses.

% of
total intersectio  spf(second intersection
Number of reflections time n time per frame) test
1 37971 15479
2 60809 26515
3 67564 29441
4 69046 32061
5 69873 32203
6 70091 32492
7 70076 32572
8 70325 32786
9 70170 32878
10 70232 32912
Ray- Object linear
intersection method:  search
Number of planes: 2
Number of spheres: 2
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Nubmer of lights: 2
Resolution 800 x 600

Table18- testing result for different number of reflections

Rendering time for 100 frames (ms
80000

70000 e e O O———
60000 ﬁ

50000

40000 ~/

30000
20000
10000

1 2 3 4 5 6 7 8 9 10
=—4— Rendering time for 100 frame:

Chart4 - Effect of the reflection limit on ray tracing time. Horizontal axis represents the number of reftatdi

Compare to the previous results rendering time takes longer time since the objects

used in the scene are not only spheres but also planes which covering the whole screen

which means each primary ray reflects from and the secondary rays are beingdcréate

addition to that the chart above shows that after a certain level of reflection, rays do not

reflect any more since they hit an empty space eventually and the tracing process ends for

most of the rays before these rays get reflected more than 10dime
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% of total time used for intersection tests

48.000
47.000 y—
46.000
45.000
44.000
43.000
42.000
41.000
40.000
39.000
38.000
37.000 . . . . . . . . . .

% of total time used for intersection test

Chart5 - Effect of thereflection limit on the percentage of the intersection test over the rendering time.

Thechart given above shows the percentage of the intersection time respect to the
total rendering time. Sumisinglythe figure starts from 41% and goes up to 47% which are
lower values compare to the previous test result. The main reason for that might be the
time consumed by calculating the normal and the reflection ray at the hit point, since all the
primary rays hian object in the scene more time is being used for the reflection rays. This
show that the time consumed by the rendering process also depends on the type of the

objects and the distribution of the objects in the scene.

MSc Dissertation 19/12/2008
Umut R. ERTURK



66| Page

B. KD-Tree implementation on PC

Figure 30- 1001 spheres, 10 reflectionsesolution 800x600, 1 light source; rendering takes 35 seconds

In this section in order to testthe effects of the KBlree structure on ray tracing
some figures will be given such as rendetiimge depending on the number of spheres in

the scene as well as depending on the number of reflections.

Reflectionlimit = 10

1 ray per pixel

10 lights

Resolution = 800x600

Delta of the
increase of the
render time | render time
number of Spheres (ms)

0 62

541
20 452

558
40 993

461
60 1551
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453
80 2012

421
100 2465

405
120 2886

360
140 3291

305
160 3651
180 3956

Rendering time on K&ree PC implementation.
Reflection limit = 10, 1 ray per pixel, 10 lights

6000
5000 .
NN
4000 - 6
) 651
291
3000 M

2000

0 20 40 60 80 100 120 140 160 180
== Render Time (ms

-4l linear increase

Chart6 - Change of the ray tracing timaccoding to the number of the objects in the scene forKBeePC
implementation
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600

500

400

300

200

100

delta of the increase

558
541

405
461

421 360

time of time of time of time of time of time of time of time of
40-time 60-time 80-time 100- 120- 140- 160- 180-
of 20 of40 of60 time of time of time of time of time of

80 100 120 140 160

=¢=(elta of the increase

Chart7 - Ray tracing time obviously increases as the number of objects in the scene increases however because of
KDTree acceleration structure the increasing rate decreases since the complexity of travehgngDTree structure is

logarithmic

The data above shows the logarithmic increasing pattern of the ray tracing with KD

Tree acceleration structure. As the number of objects in the scene increases linearly;

contrary to the results of the ray tracing timestkout using any kind of acceleration

structure, which are given in the previous part of this chapter, increase in time is not linear.

Moreover after 60 spheres the increase rate tends to slow dewhnch was mentioned in

the methodology chapter of this thes while giving the reason why KiDee structure is

chosen for this thesis.
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Figure31- Ultra reflective scene; completely covered by reflective sphere walls which do not allow early termination of

the rays before 10 reflections85 spheres all reflective, 1@&flectionslimit, 800x600 Rendering of this scene todk
seconds to render on the specifiddChardware. The same scene is renderedapprox. 5 seconds by using 1 SPU.

C. KD-Tree implementation on SPU

In this part, first of dl a comparison between one SPU render time with the CPU

render time will be given. After, to expose the importance of medtie architecture on ray

tracing the render times collected by using different number of SPUs will be given.

Number SPU
of time -
Spheres PC 1SPU PC time
0 62 133 71
10 156 353 197
20 250 506 256
30 374 517 143
40 530 562 32
50 608 622 14
60 702 654 -48
70 811 693 -118
80 900 723 -177
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As shown in the table abovégr an empty scendhe rendering time for one SPU
takes 13 milliseconds however PC version renders the empty scene in about 62
milliseconds. The main reason of the delay for the PC implementation time is looping
through the primary rays to be rendered and sending the pixel information to the graphics
card to bedisplayed on the screen. On the other the main reasoiithe delay in the SPU
execution isthe transfer time of the pixel data from the SPU memory to the PPU memory
besides since the SPU code does not usecpteulated rays, all the primary rays need®
created in real time which means oneommalisation operation per ray is done extra

compare to the PC run.

RenderingTime Comparison between 1 SPU and 1 CPU(PC)

1000
900
800
700
600
500 /l ——
400
300 )4 ad

200 ) A
100 - W

/
0 T

0 10 20 30 40 50 60 70 80
=—PC =ii—1 SPU

Chart8 - Render time comparison between 1 SPU and PC, both usingré&band exactly the same scene
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Rendering time difference between PC and 1 SPU (r
300

250 256

200 197
100

50,0 10 20 30 40 50 70 80
48
-100
118
1150 N
200 477

—o— Rendering time difference between PC and 1 £

Chart9 - The difference in rendering times between the PC and the Cell tends to decrease after a certain number of
primitives in the scene

The rendering time difference between runs peaks at twenty spheres with 256
milliseconds. After this peak pdirthe difference fal rapidly and continues falling. The
reason for having such a peak point is; while traversing the tree, for each access of the
memory the SPU code does one addition and one bit masking operation in addition to the
tree traversing operton because of the reasons explained in the implementation chapter.
On the other hand the on the PC code no such kind of operations are being done. One of the
reason the of rapid fall down after 20 spheres might be the cache misses on the PC side
howeverthis should not be the main reason. One more important reason is, as the number
of spheres in the scene increases the tree structures get wider and the memory access
operations reduces exponentially which makes the SPU run faster compare to the PC run.
Moreover increasing the number of spheres in therse results with closer spheres and this
may cause having more than one sphere per tree leaf node which means meobjexy
intersections. Since SPUs are vector processorsplippct intersections are madenuch
faster compare to regular CPUs. After fifty spheres, the SPU code runs fasters and continues

getting faster compare to the CPU.
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Reflection limit = 10, 1 ray per pixel, 10 lights, Resolution = 800x{
Number of Spheres
85
(fully reflectived
sideclosed box
Number of with 80 spheres
SPUs 0 20 40 60 80 in it)
1 133.284| 486.119| 673.128| 716.026| 756.616 19347.685
2 66.712| 325.231| 381.144| 429.887| 435.13 9683.824
3 44.528| 216.817| 254.293| 287.364| 290.752 6465.929
4 33.443| 162.976| 191.417| 216.876| 218.279 4851.21
5 26.806| 130.544| 152.602| 173.903| 175.361 3877.088
6 23.576| 115.029| 136.058| 153.75| 155.046 3423.862
Table19- Showing the change in render timéepending onthe number ofthe SPUsised. Time values are in
milliseconds

Rendering times for different numbeof SPUs
800

700 /
600 //
/

500
400 / _—
» / /
200 - — —X
100 -
0 . . . . .

0 20 40 60 80
=4=1 SPU =fll=2 SPUS ==f=3 SPUS =¢=4 SPUS ==ie=5 SPUS =@®=6 SPUs

Chart10- Since ray tracing is very suitable for parallelisation, increasing the number of the SPUs decreases the rendering
time
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Asthe chart shows above, increasing the number of SPUs apparently speeds up the
process howeer for understandng the effectiveness of the chosen method for distributing

the render areas between the SPUs; the effectiveness table should be examined.

Number of Spheres
85
(fully reflective, 5
side closed box
Number of with 80 spheres
SPUs 0 20 40 60 80 in it)
1 SPU 100.0% | 100.0% | 100.0% | 100.0% | 100.0% 100.0%
2 SPUs 99.9% 74.7% 88.3% 83.3% 86.9% 99.9%
3 SPUs 99.8% 74.7% 88.2% 83.1% 86.7% 99.7%
4 SPUs 99.6% 74.6% 87.9% 82.5% 86.7% 99.7%
5 SPUs 99.4% 74.5% 88.2% 82.3% 86.3% 99.8%
6 SPUs 94.2% 70.4% 82.5% 77.6% 81.3% 94.2%

Table20 - Efficiency of using more than one SPU
The efficiency of the renderirtgnds to decrease as the numbertbe SPUs increase

as shown in the chart below.

105.0%
100.0%
100.0% 100 5& >~ - —-
' 99.9% 99.7% 99.7%  99.8%
95.0% \ % 94.2%
90.0% \
85.0%

80.0% \

75.0% \ -
70.0% 74.7% 74.7% 74.6% 74.5% 4%

65.0% T T T T T 1

0 20 40 60 80 85
(fully reflective,
5 side closed box with
80 spheres in it)

—o—Best efficiency case; 85 (fully reflective, 5 side closed box with 80 spheres
=—\Worst efficiency case; 20 Spher

Chart11 - Worst and best efficiency cases for 6 SPUs

The main reason fathe decreasing efficiency is the method chosen for distributing

the screen into SPUs to be rendered. As explained in the methodology part every SPU
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renders oneline of the screen and each SPU ders constantnumber, pre-assignedines
depending on the height of the desirae@sult image. The problem of this approach is,
rendering of some of the lines assigned to one SPUs may take longer than the other SPUs. In
other words the total rendering timef one ofthe SPUs may take longer thdre rest of the

SPUs. In that case all these SPUs have to wait until all the slowest render part gets
completed (Chart12). As the scene gets more complex, the efficiency increases since the

proportion of the time wited by the SPUs to thetal rendering time decreases.

Chart12 - Rendering speed depends on the slowegxirt of the screen; number in the boxes represents the pixel
numbers.

D. Summary
In summary, with the help of the renderingmé data collected from ray tracers,

firstly it is shown that using KDree acceleration structure increases the rendering speed

tremendously. Besides the render tinmgcreases in a logarithmic fashion which means the

increases. Secondly, it is exposed that using RBRUs fastens the rendering speed with an
acceptable level of efficiency. On the other hand figures proved that the method used for
synchronising the SPUs playsey role on the ray tracing efficiendyloreover, the lack of
efficiency in the method used for the implementation of this project is also revealed since

the efficiency of the ray traced dropped down up to 70%.
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