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Abstract

In order toproducerealistic renderingfor translucent objectsuch adoliage or haiy self
shadows have toeusel.

The first method that succeeds in castiegttime selfshadowss the Opacity Shadow Map
algorithm. However this method suffers from sevéageringartifactsunless a large number

of opacity maps are used, but that causes the application to have only interactive and not real
time performance.

Deep Opacity Mapsolve the layering artifacts problem algning the opacity maps with the

shape of the geometryasen fr om t he .IThegldwhfallofthsenetsopthat t | v e
only information about the front shape is provided because of this the algorithm cannot
work with multiple objects of various sizes.

The novel method proposed in this the@sundng Opacity Maps, improve Deep Opacity

Maps by also giving information about the o
adaptive splitting scheme is proposedrder to better position the opacity maps based on the
density of the objects the sene.
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Realtime volumetric shadows for dynamic renderin{  Alexandru Voicu

1. Introduction

The problem of rendering retime realistic hair has beea significant tpic of research in
computer graphickr a longperiod oftime, the firstproposedsolution going back to 1989.

Early approaches, such as those of Kajiya and K&¢89] or Marschner [MJCO3],
implement hair renderingby using simple modsl that tryto approximate the physical
phenomena that occurs when a ray of light intersects a hair strhese methods are both
fast to compute, but they lack realistic rendering, becausedthagt take into account the
influence hair strarglhave upon othehair strands, which leads to selhadowing FFigure
1.2).

Figure 1.1Picture produced in 3DS MaBlonde hair renderedithout (left) and with sefshadows (right).

More recent method#nclude selfshadowing, which is done byolumetric shadowsa
technique that can be usedraalisticallyrender other dynamic translucent objects, such as
smoke, clouds or foliage, agll. Because this techniqweorks with a variety of objects, not
just hair, it has beea popularresearch matter, a lot of improvements being documented,
since the first interactive implementation of volumetric shadows, in "Deep Shadow Maps"
[LV0O].
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1.1 Offline implementations

The first, and most realistic implementation of hair rendered with volumetric shadows was
done by the film industry years ago, lwtusing offline implementatios

Offline implementatios produce highly realistic visuals at the cost of computational time,
and so they are used oridly applications that doot require reatime performance, such as
those from the film industry: May8DS Max, Blender or RenderMan.

Volumetric shadows are usualimplementedn these applicationsy making use of/olume
rendering [88], a technique that requires the input dathe organized in voxel¥herefore a

3D structured grid is computddr each translucent object, the size of a voxel in the grid
being determined by the required rendering quality, smaller vogeisig better visualsat
higher computational times.

Interactive implementations try to speedugbumerencering,by using hardware acceleration
techniquessupported by almost all modern videards, such as rendering to texture, 3D
texture or lookup textures.

1.2 Interactive implementations

The first interactive implementation of volumetric shadows was described in the paper "Deep
Shadow Maps" [LVOQ] and it only slightly improves on volume renderingstead of
rendering the scene using ray casting from the camera's point of view, a visibility function is
first computedFigure 1.1.). The visibility function stores informatioregardingthe amount

of translucencyach voxehas, as seen from the light's perspecthefind the alpha value of
each voxel a volume rendering approach is usedyhich rays are cast from the light's
position and the change in transparency along each ray is storeckiaora,teepresenting the
visibility function. The overall complexity of this methp®(NlogN) is determined by the
volume rendering part, which is implementedfiogt sorting the geometry according ttoe
distance from the light's positicand after thatomputing in linea time, the intersection of

each ray with the geometry.

Figure 1.1.1 Picture taken from [LVOOIT he vsibility function is shown in the lower part of each image for the
corresponding rayshoot from the camera and intersectrgentral voxel
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A faster way of approximatingolume rendering from the light's perspective, is using
"Opacity Shadow Maps[KNO1]. Instead of sorting the geometry, the scene is rendered to
texturemultiple times(Figure 1.1.2, with different farclip values,and only the alpha valus i
stored in the corresponding render texsufidne overall complexity is thus O(NM), where M

is the number of textures used and N is the number of primitives to be renBecadise
rendering to texture isate usinghardware acceleratiofor a small value of Mthe
performance of Opacity Shadow Mapstperformshe one of Deep Shadow Mapsaking it
almost reatime on moderncomputers However, in order to achieve realistic visuals
significant numbepof layershaveto be used, so thdhe reference points give a good linear
interpolation of the visibility functionmaking the performance only interactive.
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Figure 1.1.2. Picture taken from [KNOL]JThe opacity functionY (1), is computedor each pixeby using the
information providedy each layel.

Along the years a significant number of papers have been written impronitigese two
fundamental approache$doing volumetric shadows.

Improvements of the way the visibility function is stored were proposed i&elAShadow
Algorithm for Dynamic Hair using Density ClusteringMKBRO04] and, more recently in
"Fourier Opacity Mapping" [LB10]The first approach useclusteringk-means clusteringm
particular [LI0o82], to choosethe most significant pivot pointg,e. the points that best
represent the geometry's changes in transparency. The second rapgiogimates the
visibility function using Fourier series, successfully minimizing the overall error between the
approximation and the real function.

However, firding better ways of approximating the visibility functigives better visuals, but

it doesnot improve on the bottleneck of the algorithm, whisteither the sorting, O(NlogN)

in Deep Shadow Maps, or the multiple rerstertexture, O(NM)n opacity shadw maps.If

the geometry is already sorted, the multiple resdertexture, can be done in OfNI) ~
O(N), by rendering onlythe geometrybetween two textuss or slices,and using additive
blending and a 3D texture to compute and store the rest pfvbiepoints.This means that a
fast sorting algorithntould be of benefit to both methqdsfact noticed by Eric Sintroand

UIf Assarsson who proposedd GPU based sorting algorithms, one developed using CUDA
[CUDAOQ7], "Fast Parallel GPt&orting Usinga Hybrid Algorithm™ [SAQ7] and one that uses
geometry shaders, "Re@lme Approximate Sorting for Self Shadowing and Transparency in
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Hair Rendering" [SAO8]Even though the performance of theorting method are better
than the classic implementation of quick sort from C/C++ [QSORT], their algaithimnon
state otthe arthardwarewhich isstill not present on theveragecomputemowadays

Approaches that doot require specific hardware, but improve sortimgtaking into account
someparticular propertiesf the hair geometry, have been proposedReridering reatime
selfshadowed dynamic hdifV10]. Although this approximate sorting has better time results
than the quicksortfrom C/C++,the structures used require at least 3 times more memory than
a normal rendering, whiamight notnecessarilype available ira 3D renderingengine

Nevertheless, the meth®that have the best ratio between performance and visuals are the

ones that try taninimize the number of layers used. Such an approach is preseriizeem

Opacity Maps'[YKO08] where the opacity maps are aligned with the shape of the objects from

the scene as seen f Hovevertbbacausehly igfdrmhatios abputhe s pect i
objectsdéd front shape i s g¢gsometimes thaumberloflayagsar | nt
originally proposed by this method produeesial artifacts.

2. Technical background

In order to developraeasy to maintain ant improve volumetric $radow implementatign
writing a render managen a modern game engirseemedhe best solutionBecause full
access to the source codes needed in order to develguch a pluginan Open Source
Project, or Free Softwarproject, freely available undethe GNU Lesser General Public
License (GNU LGPLwas chosen.

Crystal Spacg¢CS07]is a project operating undére GNU Lesser licencalready at version
2.1 001, so the code, the available manual [CSMO08] and API [CSDO08jt aaenature

development stagd.he full source codéor this final project, with all its commitg;an be

found onlineatits own SVN branch [CS11].

Crystal Space is a portable modular 3D SDK, and although it is mainly used for building
different types of video appiations and games, it can alse used for project that do not
involve 3D content but need a portable platform to develop C/C++ code. The project is
written to run under a wide variety of hardware and software platforms, currently the
following operatingsystem being supported:

1 Microsoft® Windows (9x/NT/ME/2000/XP)
1 Unix® like Operating Systems (GNU Linux®, FreeBSD®, etc.)
1 Apple® Mac OS® X

One of the mosimportantfacts about Crystal Space is that in ordeac¢bieve a high degree
of modularity, all packages of componentsd libraries are buiks plugins. Plugs have the
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advantage that they are defined using just an interface and the implementation igrbidden
the common user and can be easily updait any timeUsing suchplugn librariesis also
useful because theyan be registered, loaded and queried only when and if needed.

Here is a list of features available in Crystal Spatsusedby therender manager

1 Geometric utility library covering a variety of mathematical notions, such as 2D and
3D vectors, matrices, transforms and quaternions.

1 General utility library with template arrays, smart pointers, hash maps, object registry,
plug-in manager or configuration files.

1 Shared Class Faity SCF, which makes the separatibatween thenterface andhe
implementation and allows dynamically loadable modules.

1 Virtual file system and transparent support for ZIP files, allowing easy access to files
on crossplatforms.

1 Event system.

1 Numeroustypes of mesh objectsf which only the mostommon usedgenmesh, is
currently supported by theew render manager.

1 Native widowing system using CEGUI, used for the graphical user interface.

1 Crossplatform hardware rendering using OpenGL, or a NUkénderer for
applications like game servers.

1 Advanced material support, including CG shaders and textures assigned to custom
created materials.

2.1 The render manager

The render manager is a plugin which controls the rendering loop in Crystal Spaoalsioc
control various properties, such as posicessing effects, ardiiasing, zbuffer test or the
size of the rendering textures.

The main steps of a render manager in Crystal Sgrace

1 Getthegeometry in thesector to be render

1 Do thevisibility culling, based on the camera's frustum.

1 Sort the mesh lishased on the Z coordinadéd assign vtontext pemmesh indices
needed only when translucent objects are to be displayed

1 Load and setup the shader varialdesays for each mesh.

However, these are only the main steps for the dafagshhadowedender managesteps like
rendering to textures, not being includddhe rexder managers availabbg this momenin
Crystal Space arainshadoweddeferred[HO4] and shadowedising parallé split shadow
maps[ZFSXS06] The latter is themost similar render manager to the one thas been
recentlyadded forcastingvolumetric shadows.
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2.2 Parallel Splits Shadow Maps

Parallel split shadow maps [ZFSXSO06], or cascaded shadow D8k [s atechnique that
splitsthe view fristum (Figure 2.2.} into multiple depth layers order toremove some of
thevisualartifacs commonto the originalshadows map methd8KWFH92].

Light . & <+ <+ + + Normalized Shadow Plane
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Figure 2.2.1. Picture taken from4FSXS08§. Splitting the viewingrustum V, into m+1 planesC,_, which are
later normalized to the [0, 1] intervé& .

Instead of generating just one high resolution shadow map, the multiple depth layers make it
possible to create multiple shadow maps at a smaller resolutiocoatalning just a part of
the scene.

Parallel splits shadow maps were already implemented in Crystal Space at the time this
projectwasproposedand thecorrespondingender manager containadcouple ofadditional
features from the default renderanager.Thesefeaturesare related taendering to texture
multiple times and splitting the view frustum into multiple depth layers, both also needed for
the opaity shadow maps implementation. Theag achieved by doinfpe following steps

1 Calcuhtethe split disances, lightsand objectsrustums.

1 Set up a new render viefor each splitand test the intersection of the ligHtustum
with the objectsfrustums.

1 Rende to texture for each render viewusing a depth render manager, without
shadows light or color information,but just storing the distance from the light's
position totheobjects' position.

1 Load and setup the shader variables artagt contairshadow information

1 Renderthe sceneusing aslightly modified version of the default render manager,
which castsshadows when the distance from the object to the light is bigger than the
distance in theenderingtexture of the corresponding projected point.
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3. Opacity Shadow Maps

Opacity shadow maps werlatroduced in Ta&rong Kim and Ulrich Neumann's paper,
"Opacity Shadow Maps", from 2001 [KNOHnd it was the first method of obtaining
volumetric shadows that had raahe performancat lowlevel of detais.

In this method wlumetric shadowsare obtaind by approximaing the light transmittance
inside a complex volume with a set of planar opacity mapglumerepresented by standard
primitives (points, lines and polygons) is sliced and rendarsithg graphics hardwareo
each opacity map that stores alpha valteher thandepth values. The alpha values are
sampled in the maps enclosing each primitive point andpiolited for shadow computation
[KNO1].

Opacity shadow maps wenet alreadyimplemented in Crystal Spaat thetime this project
was proposed so such an implementatidrad to bedone as a starting poifbr the novel
algorithm proposethter onin this thesis.

The main modifications done to the parallel split shadow maps implementation were:

1 The use of different split scheme, a linear one as opposdhle existing logarithmic
one

1 Createopacity maps instead of depth maps, which involved both rendering the scene
to texture based on alpha and not on depth, wmiag thisinformation as opacity
ratherthan occlusionwhen doing the final pass from the light's perspecth® an
optimization four different layers were rendereéd a single texture using 32-bit
channeffor each.

The opacity shadow map render mangesthe following steps:

1 Calculate thesplit distances, lights' and objects’ frustums.

1 Set up a new render view for each split and test the intersection of the lights' frustum
with the objects' frustums.

1 Render to texture for each render view usargopacity render manager, without
shadowslight or color informationand without sortingbut just storing thedditive
alpha componeritom objects.

1 Load and setup the shader variables atagt contain shadow information.

1 Render the scene using a modified version of the default render mandush,
renders shadowaccording to thénformation stored in the opacity shadow maps
point to be rendered idenserfrom the light's perspective then it will be rendered
darkerin the final scene.
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3.1 A first implementation

The firstimplementation of the opacity shadow map render manager consisted of splitting the
scene into a predefined number of regjarsnglinear interpolation between the first and the
last vertex belonging to any translucent ohje@. having the alpha rendleg priority in
Crystal Space.

The linear interpolation schen{&igure 3.1.1a) was chosen only for its simplicity, butt

might not perform veryvell when having multiple translucent objects in the scene that are far
apart, because many opacity maps would not split through any object and contain the same
information. Other more advanced schenae proposed in [KNOlJadaptive slicing when

the structue of the objeais known beforehand-{gure 3.1.1b) and if regions farther away

from the light's position have decreasing variatiomgransparency, a neinear slicing
method could be use&ifure 3.1.1c).

Figure 3.1.1Picture from [KNO1]i Variousdlicing schemesuniform linearslicing (a), density basedlicing (b)
and ron-uniform slicing (c)

In order to use the maps at ithkill capacity, i.e. have the objects rendered from the lights
point of viewcroppedto a 2D bonding boxFigure 3.1.2b andFigure 3.1.2d), the frustums
were buildasin Parallel Split Shadow Maps [ZFSXS0dwo axis alignedbounding boxes
were usedo compute the crop matrix: one fibre objects that cast shadows and oneHhose
that receivedhem.The crop matrix ishen computedby constructing an axis aligned bonding
box containing both the receivers and casfeng final light's viewprojection transformation
matrix for the current split igightvViewMatrix * lightProjMatrix * cropMatrix

[ZSNO7].

Figure 3.1.2 Picture from Crystal SpacBifferentopacity shadow maps. Scene rendered without using the
whole capacity of the maps, when light is at distance 10 (a) arz).ZBceéne rendered using bounding boxes for
croppingwhen light is at distance 10 (b) and 20 (d).
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After setting up the light's vieyprojection transformation matrix a new render view is created
and associated to a context which renders to texture the data contained in tpeojeetion
matrix, building anopacity shadow maf@hen these maps agevento a later rendering pass
which computes the final shadoly finding for each point the neighbouring maps and then
linearly interpolatinghe valuesobtained by projecting the poiah these two maps.

3.2 Limitations

The limitations ofthe first implementationf opacity shadow mage in the small number of
layersthat arecreated and passed to the final shadee to the followingwo causes.

Firstly, even thougla mapstoresinformationonly in onechannel, a textureith 4 channelss
created for eachuch map, resultingn using 4 times more memory than actually required.

Secondly, the maps are passed to the final stesdan array of textures, which can only be
indexedby constants and not by vaioles, resulting inthe registration othe wholetextures
array, even though only twanapsare used for a certain poinEurthermore, hardware
limitations donot allow registering more than 16 such textures on the videoocawhichthe
implementation wadeveloped antested, NVIDIA GeForc&T 335V.

Because only such a small number of maps can be tisedirst implementation suffers from
severe visualrtifacts (Figure 32.1). Theseartifacs aredue to the fact that some points are
present in one of the neighbouring maps, but not the other.

N SR g T

Figure 32.1 Picture from Crystal SpacBue to the small number of opacity shadow maps diagutitdcs can
be seen.
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A possible solutiorfor removing the layeringrtifacs is increasing the number of opacity
shadow maps, as showhigure 32.2 from [YKO8].

Figure 32.2 Picture from [YKO8JRe movi ng Opacity Shadow Mapsdé visual a
of layers from 16a)to 128 (b)

Various approachdsat try to minimizeboththe number of textures created and passed to the
final shaderand the time it takes to compute thelmave beenadded tothis first
implementation.

3.3 Using all available texture channek

A first optimizationconsistedf reducing the number of textures uskey storing informaon
in the three color channels wellasthe alpha channeDpenGL uses blending functions
[OGL97] in order tacompute the final value of a channel, usingdiBe endFunc :

void glBlendFunc (GLenum sfactor , GLenum dfactor );
havingthe output definied as:

R = sfactor * Rs + dfactor * Rd,;

G = sfactor * Gs + dfactor * Gd,;

B = sfactor * Bs + dfactor * Bd;

where (Rs, Gs, Bs) is the source colofobject being drawn), an(Rd, Gd, Bd)  is the
destination color (color already in the framebuffer)

The possible values fafactor anddfactor are presented ihable 33.1.

18]
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Factor Name Computed factor
GL_ZERO 0
GL_ONE 1
GL_SRC_ALPHA As
GL_ONE_MINUS_SRC_ALPHA 1- As
GL_DST_ALPHA Ad
GL_ONE_MINUS_DST_ALPHA 1- Ad
GL_CONSTANT_ALPHA Ac
GL_ONE_MINUS_CONSTANT_ALPHA 1- Ac
GL_SRC_COLOR (Rs, Gs, Bs)
GL_ONE_MINUS_SRC_COLOR (1 - Rs;,1 - Gs,1 - Bs)
GL_DST_COLOR (Rd, Gd, Bd)
GL_ONE_MINUS_DST_COLOR (1 - Rd,1 - Gd,1 - Bd)
GL_CONSTANT_COLOR (Rc, Gc, Be)
GL_ONE_MINUS_CONSTANT_COLOR (1 - Re,1 - Gc,1 - Be)
GL_SRC_ALPHA_SATURATE min(As,1 - Ad)

Table 33.1 List of possible values for source and destination factors.

In Crystal Spacdhe blending function is called indirectly by usimgrious mixmodes on
different meshes or shadefisable 33.2).

Name Definition Formula
CS_FX_MULTIPLY CS_MIXMODE_BLEND(DSTCOLOR SRC*DST
ZERO)
CS_FX_ADD CS_MIXMODE_BLEND(ONE, ONE) SRC+DST

CS_MIXMODE_BLEND(SRCALPHA

CS_FX_ALPHA SRCALPHA_INV) |

srcAlpha*SRC + (1 -

CS_MIXMODE_BLEND_ALPHA(ONE srcAlpha)*DST
SRCALPHA_INV)
CS_FX_TRANSPARENT | CS_MIXMODE_BLEND(ZERO, ONE DST
CS_FX_DESTALPHAADD | CS_MIXMODE_BLEND(DSTALPHA| (dstalpha)*SRC + DST
ONE)
CS_FX_SRCALPHAADD | CS_MIXMODE_BLEND(SRCALPHA| (srcalpha)*SRC + DST
ONE)

CS_MIXMODE_BLEND(ONE,
SRCALPHA_INV) |
CS_MIXMODE_BLEND_ALPHA(ONE

SRCALPHA_INV)

CS_FX_PREMULTALPHA SRC + DST*(1 - srcalpha)

Table 33.2 List of possiblemixmodesVvalues in Crystal Space.

At first thecs_FX_ALPHAmMode was usedyherethe colorchannelsarecomputed in the most
common way,srcAlpha*SRC + (1  -srcAlpha)*DST , and the alpha channet SRC +
DST*(1 - srcalpha) . The alpha channel gisethe correct resulfor the opacity function,
because foralpha we haveSRC = srcalpha , thus having the following result in the
framebuffer srcalpha  + DST*(1 -srcalpha) . This result can also be obtauhfor the color
channelsither by settingRC =1 or by usingCS_FX_PREMULTALPHwith SRC = srcalpha

Even though these two approaches manage to store the same infonmaganh texture
channel, they cannot be computed independently, because one channel canset be
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transparentsfcAlpha=1 ) without influencingthe alpha channel, which would Is&c +
DST*(1 - srcalpha) =1 + DST

The only way in whiclone channel can store a value in the framebuffer and all dibesst
to transparens by using additive blendings_FX_ADD as described ifNDO5].

The problem when usingS_FX_ADDis thatthere is a linear increasSRC+DST instead of a
logarithmic oneSRC + DST*(1 -srcalpha) , but that can be fixed by usirtge exponential
functionwhen computing the final opacity [NDO5]:

half  shadow = exp ( - density);

The four channelarecomputed in one pass of one shader by calculating the distance from the
light's position, which is actually the camera position when rendering from the light's
perspectiveto each point to be displayetihe red channel contains opacity information only
about the first quarter of geometry, the blue channel about half of the geothetgreen

three quarters and the alpha contains opatitha for all available geometryAppendix-
Section )

color = color * float4 (index <1, index <2, index <3,1);

Howeverthis shader only receives a paftthe geometryn one call,obtained by setting the
near and far-planeto thatparticular split, which will béurtherdividedinto four partsinside
the shader.

Because the geometry is split using both the near arepiane, the renddexture obtained
contains information only about thgiarticularly part of the geometry,na in order to
compute the finabpacity at a certain point the values frathprecedentendertextures has
to beadded(Appendix Section 2

for (int j =0; | < previndex ; | ++)
previousMap += getMapValue 4*( j +1) - 1, prevPos ),

Just by usingll four channelghe number ofavailableopacity shadow maps increased by 4,
being in a4:1 ratio with the number of available textures, which is 16 due to the hardware
limitation mentioned irSection 32.
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Figure 33.1 Picture from Crystal Space. Grass rendered usimgridertexturesyielding 64 opacity shadow
maps.The visual artifacts are less visible tharFigure 3.2.1

3.4 Multiple render targets

Multiple render targetfMRTO04] is a featureof modern GPUs that allowss single pass of a
shadetto output information to more thame location(COLORY), making it possible to render
images to multiple render target textures at ofi¢ey were first introduced in the APBf
OpenGL 2.0 and Direct3D 9, buideo cards supporting this feature appeared years later.

The benefit of introducing this feature the opacity sadow maps algorithm is that even
more opacity maps can be generatedsingle pass of a single shader, similar to how 4 maps
were generated in a single pass when using all available chanrgsstiom 33.

The only disadvantage of MRs that differentGPUs support a different number of render
targets and the code writtem the GPU has to avoid calling or writing invalid memory
zonesFor instance older video carthat donot support Direct3D 9 or OpenGL 2.0 have the
number of MRTs seb 1, those that do support it have it s&4 and the newer one that are
capableof Direct3D 10 and OpenGL 3.0 support up to 8 MIRMIRTO04].

Because of this,htee shaders are automatically generatedacess and write to 1, 4 or 8
MRT depending on the available number of MRT on the hardtis@@pplication is runThe

way in which a rendering texturas selected is very similar to the way one of the four
chanrels is selecteih Section 3.1.2 by calculating the distance from the light's position to
each pointto be displayedThe closest vertices go to the first rendering target and further
pointsare stored in the following render targitavailable(Appendix Section 3.
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Thus for video cards supporting 8 MRTs one pass can genegated32 opacity maps in one
go, giving a considerable speef because8 times less rendering contexts have to be
created.

3.5 Percentageclose filtering

The same techniques usedimprove shadow maps can be appliedpacity shadow maps
with good resultsas well. This can lead to a significaspeedup because lower resolution
maps can be used without introducargy significant visuahrtifacs.

Because shadow map textures cannot be prefiltered to remove aliasing, like normal textures,
multiple shadow map comparisohave to bemade jer pixel and averaged together, by a
techniquecalled percentageloser filtering (PCF) [RSC87].

Although the orignal PCF algorithm as described in [RSC&#mpled the region to be
shaded stochastically (randomligy, constructing a fousided micropolygonKigure 35.1a),
newer implementatioN®8P04] use a 4x4 texel sampler regi@figure 3.5.1b).

olo/o/ofolo]oo]1
o/ololololol1|1]1
olofalojolz]1]1]1
olofolojolz]1]1]1
olofofolala]1[1]1
o|o[ofolala]1 |11
BRERRRRRRE

(a) (b)

Figure 3.5.1Picture taken from [BPO4{Choosing a fousided micropolygon (a) or a 4x4 texel region (b) as
neighbourhood

A brute force method can besedto computethe 4x4 texel region average with good
performance, mainly becaus®sttexture fetches are in the texture cache being close to one
anothe[BP04] (Appendix Section 4.

Other ways of improving the opacity maps, such gmint splatting [KNO1] or variance
shadow map [DLO6] have been taken into account, but because doeyot benefitfrom
nativehardware acceleratidhey tend to be slovso the PCF method waseferred
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4. Deep opacity maps

Instead of trying to removéhe visual artifacts of the Opacity Shadow Map methyd
increasing the number of ma@sdatthe same timelecreasinghe size of an artifacuntil it
becomes too small to be noticed, Deep Opacity Map8] try to solve the problem by
aligning the opacity maps with the hair geomékigure 4.)).

Figure 4.1Picture taken from [YKO8]Opacity Shadow Maps with 16 layers (a), with 128 layers (b) and Deep
Opacity Maps wittonly 4 layers(c).

The deep opacity maps method combines shadow maiKiyFH9 and opacity shadow
maps [KNO1] to give a better distributiar the opacity layerdn a first render pass the scene
is drawnfrom the light's perspectivend only information about depth ssored by a regular
shadow mapping technigu&.second rendering passnstructs the opacity mapy doing a
linear splitting, similar to the OpagitShadow MapgKNO1] technique, but whiclusesan
offset equal to the value read from the shadow map generated previous pas@-igure

4.2).

N N
ZINR NN
\ ~ "

Figure 42 Picture taken from [YKO8]. Opacity Shadow Maygselinear interpolatior(a), while Deep Opacity
Maps(b) alsouse an offset read from the shadow pepthatthey conformto the shape of the model

23]
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Becausethe layer distribution in deep opacity maps guarantees that the direct illumination
coming from the light source without being shadowedaaptured correctlyby using the
shadow map offsef smaller number of opacity maps can be used to generate high quality
shadows [YKO08].

The biggest advantage of this new waysplitting is that it can still be done usingromon
hardware andechnologiespecausat only involvesreading and writing to texturesside a
fragmentshader The hair volume can be dividedto U layers such that each layer lies from
G+ Qp 1 to 0y + Qg whered, is thedepth read from the shadow m&p,= 0, Qg 1 < Qq
andl "Q 0. Furthermorethe layer size doesot have to be the samee. Qg Qg 1

Qo1 Qq ,, and even though the sar@gvalues are used for each pix@,varies by pixel,
so the layers take the shape of the geometry modelinear splittinglistribution

Figure 4.3shows how Deep Opacity Maps remoegering artifacts as compared to the
Opacity Shadow Maps ahetranslucengrass model from Crystal Space.

eennnennoee e bbbl di
(a) (b)

Figure 4.3Picture from Crystal Space. Opacity Shadow Maps with 64 layers (dayerihgartifact free Deep
Opacity Maps with 16 layer®).

4.1 Limitations

Even thougiDeep Opacity Maps dnot require as many layers as Opacity Shadow sMap
render high quality shadowpgist 3 layersthe numbetypically used in [YKO08] is not quite
enoughfor cluster geometr{fFigure 4.1.).
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(a) 3 layers (b) 7 layers (c) 3 (larger) layers

Figure 4.1.1Picture from [YKO08]. Only 3 layers at a low resolution (a)ra produce high quality shadows, so
either the number of layers has to be increased (b) or the map's resolution (c).

Becausewhen supportedmultiple render targefdMRTO04] represat a fastway of generating
up to 32 opacity mapsSéction 3.4 a basic scheme for controlling the visual dyabf
shadows,while roughly maintainingthe same performancéas beendevelopedfor the
current implementation.

The maximum number of supported multiple render targets istaggeherate as many layers
as possible in a single rendering palsus newer hardwaregives higher quality shadows
while older video cardswhich only use one render targednd still one rendering pass
produce 4 layers and lower quality shadoMswever, the performandends to stay the same
because the number of rendering passes usgehteratehe Deep Opacity Maps remaitige
same

Moreover, if the scene to be rendered dossactually require more than a few layers, there
is no geometry clustering, the number ofltiple render targets used can be forcedato
certain value vighe sceneconfigurationfile.

Another problem wittDeep Opacity Maps is that although the initial offset for linear splitting
is clearly specifiedfor every point there isno information regarding where the splitting
should stopThis caneither lead to visual artifacts to an inefficient usage of the opacity
maps. The solutionprefered in [YKO08], that the last layemwill contain all theremaining
points can lead to visuadrtifacts, similar to those from clusteriigigure 4.1.1, if the last
layerbegins to early (Figure 4.1.2.h. On the other hand if the splitting éhoserso that the
last layer lies beyond the hair volunp®or usage of the opacity maps will occur, because not
only the last layer would not contain any information at all, thet rest of the layers will
contain information only in a smadroportion(Figure 4.1.2.¢. A solution to this problem is
proposedurther on in the currenthesis(Section %.
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() (b) (©

Figure 4.1.2Modified picture from [YKO08].Standard linear splitting (a), splitting that ends ¢arly (b) and
splitting that contains all the hair volume (€hoosing the end splitting posiioo near(b) results in the last
layer havinga lot of informationwhich producesvisual artifacts Choosing the splitting poitibo far (c) leads to
a big part of thdayersnot containing any useful informatiothé greerhashed region)

4.2 Implementation details

Even though the implementation of Deep Opacity Maps, required mainly adding another
rendering pass to compute the shadow map and making sure the second rendering pass, which
generates the layers, is called only one time, some other small optinmsaata done in

order to increase performance.

One significant benefit of closing a linear splitting scheme thatthe exact position of the
splitting points doesot need to betorad explicitly, which would involve a costlyransferof
an array from the mai memory tothe video memory. Furthermori,the position of the
splitting points can be determined in constant time, using linear interpoldtisMmeans that
any point within the splitting interval can be attributed to a corresponding splitting @oéht,
thuslayer, in constant time as well.

Because only one rendering pass is used when generatilaydisethe whole hair volume is
passed to the shad@hereforeeach opacity map can leéficiently created so that it contains
information about every point until theplitting point and not only points whichieside
between the previous splitting point and the current ®hés isdone by adding the current
rendered point, from the second rendering pasall previous renderintargets and ngust

the one determined by the splitting pojAppendix- Section5). The advantage of this is that
when computing the final opacity value for a certain point all the information needed is stored
in just one opacity map and not divided among several, likbarcase of Opacity Shadow
Maps, sano alditional texture lookuphave to bedonefor previous layers.

A regular depth map couldn't be used for the first rendering pass due to the fact that this map
needs to be accessed like a regular texture, not a shadgwvhiap is impossible to do on a
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depthmap[tex2D]. Instead the depth information was written to a sirf8@fldit channel of a
128 RGBA texture, which was accurate enoufgin doing the linear interpolation for deep
opacity mapsvithout noticeable visual artifacts.

As a consequence of the fact that neitherceng for the linear splitting scheme, nor adding
information from previou$ayers is required, nfor statements have been used in the vertex
or fragment programsyhich madethe code optimal and compatible with older hardware as
well. In order tofurther increase performance, all conditional branches ves@ded, and
variableshavingvalues based on conditiong&re used instead.

5. Bounding opacity maps

Because Deep Opacity Mage not give any information abouhe end splitting poisteither
visual artifacts or a poor usage of the opacity maps can occurs, as desciHsstion 4.1
Furthermoreif the layers are buiby only taking into account the depth map, i.e. the shape of
the object as seen from the light's perspective, they only follow the initial light distribution, as
it enters the objeckor instancethe layers obtained using Deep Opacity Mapsild follow

the distribution shown ifrigure 5.1. which doesnot correspondo the way in whichthe

light distribution occurs in the real workdgure 5.1.c

Y N\ Nl
—0 =0 —0
NN 7N ZIN\N

(@) (b) ©

Figure 5.1A translucent full sphere as seen in #iial (a), the distribution of layers when using Deep Opacity
Maps (b)and the way the light is distributed in rédé (c).

Moreover, the example illustrated ligure 5.1is not a particular case, the light distition
following the shape of the object for othieanslucent real world objestas can be seen in
Figure5.2 andFigure 5.3




Realtime volumetric shadows for dynamic renderin{  Alexandru Voicu

N

K i
(a) (b)

Figure 5.2Reallife lighting of blonde hair (a) and the correspondiagersandlight distribution (b).It can be
observed that the layers and the light distribution follow the shape of the object.

By computingan extra deptimap in which depth information about tiierthest awaypoints

is given instead of the closesines, the limitationof Deep Opacity Mapsegarding the lack

of information for theend splitting points is solved, and more important the layers follow the
light's distribution in realife.

The novel solution proposed in the currdhiesis is named Bounding Opacity Mapg an
achieves a layarg following the light distribution in redlife by interpolating the values from
the two depth maps when choosing the splitting points

Because the same technologies are asad Deep Opacity Mapthe splitting can still be
doneusing common hardware and technologies and it still benefits of hardware acceleration.

N N
S 0%
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(a) (b)

Figure 5.3Reallife lighting of a tree (a) and the corresponding layers and light distribution (b). It can be
observed that the layers and the light distribution felibe shape of the object.
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The geometrycan be divided int@ layers such that each layer lies frag+ Qg ; to
0o + Qqn Wheredy, is the depth read from tHist depth mapQy = 0,051 < Q%1 Q 0
andQ, = ¢, whereg, is the depth read frorthe second depth mapurthermorethe layer
sizeis not the samdor differentzones in a layer because the difference betwigamdd, is
not constantAs part of the first implementation the interpolation betwégandd, was a
linear one meaningthatQ, Qn 1= Qo1 Qq », butother splitting schensecan be used
as well, as shown iSection 5.2

1. init:

2. geometry :=load_scene('scene.txt’)

3. render_loop:
4. start_depth_map := render_pass(geometry)

5. end_depth_map := render_pass(geometry)

6. render_textures := render_pass(start_depth_map, end_depth_map,
geometry)

7. render_scene(render_textures, start_depth_map, end_depth_map,
geometry)

Algorithm 5.1A basic algorithm for Bounding Opacity Mapkhe only difference from Deep Opacity Maps is
line 5 in which the end splitting poinerecomputedThere are a total of three render passascompute the
start splitting points (line 4), the end splitting points (line 5) and the opacity layers)lifibesinformation
provided by these render pasgegsedto render the final scene on line 7

Although theBounding Opacity Maps algorithn{Algorithm 5.3 is only slightly diffeent
from the Deep Opacity Mapsone both he difference in splittingFigure 5.4) and in
rendering(Figure 5.5 arequite substantial

_‘}C/\W'é’ffﬁ‘u Space

4

(a) (b)

Figure 5.4Difference in splitting between Deep Opacity Maps (a) and Bounding Opacity Maps (b) when using
16 layers- first layer corresponds to light green and the last layer to blackn be seen that becatise end
splitting points are not specified Deep Opacity Mapthe layers dmot cover the whole length of the object

(the final color is not black as in (b)).
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(a) (

Figure 5.5Difference in rendering between Deep Opacity Ma)sahd Bounding Opacity Maps (b) when using
16 layers Because Deep Opacity Maps mim specify the end splitting pointsome grass strandsgm the red
circle), corresponihg to the last layerare given false shadow information.

e

b

5.1 Implementationdetails

The implementation of Bounding Opacity Mapsvery similar to the one of Deep Opacity
Maps, themain differences that two depth maps, instead of just one, are compintender

to compute the second depth map another rendering pass was addiée time lost with

this extra pass was recovered by the fact that even fewer layers than in Deep Opacity Maps
can be used without losing any details. The correct vegpaearances guaranteedven with

just a few &yersby the fact that thenapsnow follow the light's distribution in redife.

As stated inSection She second depth map contains information abfeeitdepth calculated

from the light's position fwere objects endin OpenGL this can be achievetkectly by
callingtheglDepthFunc functionwith GL_GREATERGL_GEQUAlinstead ofGL_LESS

/ GL_LEQUAL[OGL97]. This sets the zbuffewith new data (depth value and color
information) only if the incoming depth is greater / greater or equal than the stored depth
value. However because thigay of setting the zbuffer is quite specific to OpenGL and there
werenot any straight forward ways abpyingthis behaviour in Crystal Space, another more
generaimethodwas used instead.

This general way is a mathematical solution and it consisgwappingthe value of the near

plane with the one of the far plamehen computing the projection matrix from the light's
perspective in the second rendering pBgsdoing this the direction of the Z axis is reverted,

SO every object in the scene looksifas were mirrored Figure 5.1.). The useful fact about

the mirrored scene is that the closest points from the light correspond to the farthest points
from the lightfrom the mirrored scengandthis is valid both waysDue to this property the

same codérom the first rendering pass in Deep Opaditgps, whichcomputed the depth of

the points closest to the light's position, could be used to compute the furthest points from the
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light's position in the second rendering pass from Bounding Opacity Maps.side note
OpenGL has a specific easy way of swapping the near and far values by calling the function
glDepthRange with 1 for the near value and O for the far one: "It is not necessary that
nearVal be less than farVal. Reverse mappings such as near\éald farVatO are
acceptable” [OGL97].

(»)

Figure 5.1.1A scene where the light is at the origin and the light's direction corresponds to the positive Z
direction(a) and its corresponding mirrored scene (b).

The fact that both the startdthe end positionf objectsin the scen@areknown, via the two
depth mapsallowsfinding a precise position of the splitting poittg doing aninterpolation
betweerthe valuestored inthe depth map@ppendix Section §.

5.2 Splitting scheme

Even though the most common splitting schamthe linear one, the light distribution does
not necessarily follow linear interpolatioif. we were to look athe light's distributionon
realworld translucent objects such as clouds, trees or hair welsserve that foa uniform
shape and a constahigh alpha valu¢helighting caused by seBhadowingchanges only at
the very beginning of the obje(dfigure 5.2.).

Therefore depending on the density of the geometry or on the amount of translucency an
object hasnew shadow information may appear or not onto the next layer. In certain cases,
like the one described above, only the first few layers have different inform&tigure

5.2.2, so a linear distribution of the layers is not a good option. sridution that has
multiple layers near the start splitting position, i.e. at the beginning at the object, and fewer as
the layer position reaches the end splitting position would give better results.




Realtime volumetric shadows for dynamic renderinI Alexandru Voicu

Figure 5.2.1Realworld photographs of clouds (and bushes (b}t can be observed that for these objects the
lighting only changes at the very beginning of the object.

Figure 5.2.2L ayers obtained using linear splittiog the grass scen€he last four layers contain almost the
same information.

5.21 Logarithmic splitting

The logaithmic distributionhas a slower increasateand thereforgoroduces a splitting that
has a higher density of layeait the beginning of the objegigure 5.2.3. And because there
are more layers at the beginning of the objémiver layers contain the samaformation
(Figure 5.2.4. Obtaining layers that have different shadow information prevents artifacts like
the ones shown iRigure 5.2.5
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Figure 5.2.3Comparison between linear and logarithmic distributihireear increase, blue, versus logarithmic
increase, green (djpear split (b) and logarithmic split (c).
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Figure 5.24 Layers obtained usinggarithmicsplitting on the grass scengvery layeradds new shadow
information, i.e. is different from the previous one.

\
Crystal Space”

- UF

@
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() (b)

Figure 5.2.5Picture from Crystal Space. Difference in rendering when splitting using linear splitting (a) and
logarithmic splitting (b)Linear splitting(a) produces incorrecelf-shadows because most of the layers contain
the same informatio(Figure 5.2.2.

One disadvantage of using a Aorear splitting scheme is that the splitting positicasnot

be computedvithout a lot ofarithmetical instructiogs This is caused by the fact thherange

of the object is given in local coordinates from O to 1, where O corresponds to the beginning of
the geometry and 1 to the end of it.

Even thoughhe interval [Q 1] couldbe used directljor linear interpolatia, it is not a proper
inputintervalfor the logarithmic functionbecause theutput intervalwould coveran infinite
range from {b, 0] and wouldn't have thedistribution shown inFigure 5.2.3.aIn order to
obtain such a distributiothe interval has tde converted first to a positive interval geyat
than 1, which covers a bigger range of valusay [1, N] After the logarithmic function is
appliedanother interval isutput[0, log(N)], which has to beonverted to [01] once again.

Therefore conveting between intervalsn the case of logarithmic splittingequires
significantly more arithmetical instructions than linear splitting which only requires a division
for finding a splitting position However, this conversion can be done automaticalyeifuse
lookup textures$LO4].
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5.2.2 Lookup textures

Lookup textures aresualy RGBA 1D, 2D or 3D textures in which a function having the
[0, 1] input and output interval is encoddebr instancahe logarithmic functions encoded
by first converting the [P 1] interval to [1, textureSize- 1], afterwards applying the
logarithmic functionwhich yields the [0, log(textureSize)] interval, which is finally converted
to [0, textureSize 1] (Appendix- Section7). Because the texture's sizeusually a power of
2, due to compatibilityeasonsCW04], the logarithmic function used was log2.

The major advantage of using this technique istti@aiookup texture is computed only once
during the initialization stage, and afterwaiti$s used instead dhe numerous arithmetic
operations needed to convdhe input and the output interval as well as applying the
logarithmic function itsel{Appendix- Section §.

5.2.3 Hybrid split

Althoughthe linear splitting scheme falls short famiform shapsand a constant, high alpha
value Figure 5.2.) andthe logarithmicone doesnot work properlywith objects that either
have scattered geometrgr a low alpha valud€Figure 5.2.3.}, using one of the splitting
scheme when the other falls shproduces good results.

Figure 5.2.31 Reatworld photographs of cloudg) and treegb). It can be observed that for objebtving a
scattered geometthe lighting changethroughout the entire length of the object.

Section 5.2.&lready describeBow to use a logarithmic split when the linear split doets
produce gooanoughresults however it can be the catitthe layers obtained using linear
splitting already give different shadow information, usually $oatteredgeometryor a low
alpha valueKigure 5.2.3.2. Furthermore, in this case using logarithmic splittvuld result

in a fairly poor rendering, because first layers would contain the same shadow information
(Figure 5.2.3.3andFigure 5.2.3.4.

34|
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Figure 5.23.2 Layers obtained using linear splitting ascene containing a scattered tree. Every layer adds new
shadow information, i.e. is the different from the previous one.

Figure 5.2.3.3_ayers obtained using logarithmic splitting on a scene containing a scatteréichediest four
layers contain almost the same shadow information

() (b)

Figure 5.2.3.4Picture from Crystal Space. Difference in rendering when splitting using logarithriti;gla)
and linear splitting (b). Logarithmic splittin@) produces artifactghe willow is incorredy lit near the top,
becausenost of the layers contain the same informatkeigire 5.2.3.3.

Even thoughneither of these two splitting scheme daa used for any type of object they
complement each otheso when one scheme falls short the other can be used irBteath
this propertya hybrid splitting scheme has been propaedtie current thesis that is a mix of
the linear and logarithmigplitting schemes.

The hybrid splitting function is buiby doing a linear interpolatiobased on aariablethat
sets the ratidetween the linear and logarithmic splittiffidhis meanghat whenthe variable
is close to0 the linear split is used, and when itriearl the logarithmic split ixhosen
instead/Appendix- Section 9.

Many interactive approachesuch as the ones presented®eaction 1.2find the best splitting
points byfirst computing the visibility funtton, which is usually donesing ray casting
However such a techniqumnly gives interactive resud, unless GPGPU capable hardware is
usedin which case Opacity Shadow Maps with a high number of 2} ¢ould alsobe
usedoffering good visuals and prmance.
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The novel idea of this thesis is tietermine an approximation of thesibility function for
each ray by making use of the two contmapsand the opacity of the objects in the current
scene.This is achieved byutomatically determing the best ratio between the linear and
logarithmic splitting from the hybrid splitting function.

The criteria for choosing the best ratio for various scenes with shjagting in density and
with a different number of layers was that each new layer dleayture information that the
previous one didot

Because the information that had to be measurednatasontained in a single data, i.e. a
single image, the concept of entrofi¥k92] could not be used for the current problem.
Instead ideas from computer vision regarding mutual information were apyp@dd ].

For image registration, the mutual information between two images is computed using a
similarity measure. Because each bounding opautiéy contains the same objects, and
therefore has the same shape, and only the transparency values differ, the image intensity is
meaningful on a pixel by pixel basis. This means that simple similarity measures such as sum
of absolute differences and coabn coefficient can be used.

The sum of absolute differences is fast and simple to compute and it involves iterating
through the two pictures and summing the absolute differences on a pixel by pixel basis.

In the case of the correlation coefficient fbkbowing equation is evaluated:

Bao PO® Daw BDVYaw B®VYaw
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Equation5.2.3.1Defining the crossorrelation coefficienC

Where'®) is the mean intensity of imag@The above equatiorepresents the ratio between

the covariance of two images and the product of their standard deviation. The correlation has
values on a scale ranging frori [ 1] and it gives a linear indication of the similarity between
images [YG11].

Even though thesimilarity measures presented above are usually used when trying to
maximize the mutual information between images, they can also be successfully applied in
order to minimize this mutual information. For instance in the case of the correlation
coefficienta value close to 0 means that the two input images are different. Therefore the
smallest value generated from different split ratios of the hybrid function corresponds to the
value for which the layers have the least mutual information, so each new diagenew
information.

The way in which the split ratio varider the two similarity measurethe sum of absolute
differences and the correlation coefficieatcording to the number of layers, the position of
the light and the density of the translucebjeats are presented Appendixi Section 11
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Both similarity measures tend to have the same variation: the splitting becomes more linear
when either the object is spars€igure 5.2.3.5 or the number of layers increasésgure
5.2.3.6. These two vaations can be intuitively explained.
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Figure 5.2.3.5Plot generated using gnuplot. Sparser objects map better to linear splitting (the splitting ratio is
closer to 0) and denser ones perform better when logarithmic splitting is used (the splittirsgctatier to 1)

The fact that sparser objects map better to linear splitting and that denser ones perform better
when logarithmic splitting is used has already been describ&kdtion 5.2 The object®

density has been altereg either creating sparser versions of the same model or changing the
way the Ilight hits the objectds surface fror
presented iMAppendixi Section 1lappears sparser when viewed from above and denser

when viewel sideways.
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Figure 5.2.3.6Plot generated using gnuplot. Splitting tends to be more linear (the splitting ratio is closer to 0)
when the number of layers increases.
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In the second case the splitting tends to be more linear when the number of lagarsemcr
because linear splitting with more layers has the first pivot points similar to a logarithmic
distribution with fewer layersHigure 5.2.3.7. This means that in both caseSiglre
5.2.3.7a) and Figure 5.2.3.7b) the splitting tries to adapt itself to capture the most
significant details of the object situated usually at the beginning and if further splits are
available they are used to capture other possible details along the object as well.

12345678910 40
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Figure 5.2.3.7Comparison between linear and logarithmic distributidrisear splitting with more layers (a)
has the first pivot points similar to a logarithmic distribution with fewer layers (b).

Although the two similarity measures follow the same split ratio distdhuthe cross
correlation covers a wider range of values making it converge faster to the values that are to
be expected fronSection 5.2This happens because the crosgelation not only takes into
account the difference of intensities between pixels, but their covariance as well. The problem
with the sum of absolute differences is that the information providetidyariance is not

used at all. Therefore a split ratio that produces a higher sum of absolute differences is chosen
each time, without taking into account if the variance increases as well. This can lead to layers
having a big covariance which is not desirable because eacHayer should add new
information. By doing thiscases where a few layers bring a lot of new information and the
rest contain roughly the same data can be avoided.

Because the comparison between layers, or images, is done at a global level the render
textures have to be readback frane GPU and processed on the CPU. The amount needed to

do a readback, even when using optimized texture formats for doing such an operation,
exceeds the redgime limits so this operation it done on a frame by frame baditowever,

this doesnot represent a limitation because there is no need to recompute the splitting ratio
unless the density of the objects in the scene significantly changes. This can only happen
when the object changés densityor the light hits theloj ect 6 s sur face fro
different angle, both of which hardgveroccur.

It is important to note that the algorithm presented so far oluietnd the optimalnumber of

layers and splitting ratio, but only finds the best splitting ratio fovarghumber of layers. It

does this by choosing a more logarithmic split when fewer layers are available and a more
linear one when a bigger number of laysrspecified so that the significant details from the
beginning of the object are always capturégre 5.2.3.7.

The reason why the number of layers hasbeen automatically chosen is that even though
adding new layers increases the details in rendering it also always increases the cross




Realtime volumetric shadows for dynamic renderin

Alexandru Voicu

correlation coefficient because the images become closmaanother and therefore more
correlated. Because there is a monotonic increase of the corraaétiitient while
increasing the number of layer§aple 5.2.31), the minimum or the maximum coefficient

could not be useih the wayit was used for choasy the optimal splitting ratio.

Scene Trees Grass Dense grass
Layers Correlation FPS Correlation FPS | Correlation FPS
4 0.66 98 0.72 65 0.72 49
8 0.83 96 0.86 64 0.86 47
16 0.92 80 0.93 53 0.93 43
32 0.96 60 0.96 40 0.96 34

Table5.2.3.1The variance between cressrrelation coefficient and performance (measured in FPS) on

different scenes from Crystal Spaégpendixi Section 1)L Increasing the number of layers causes a
monotonic increase of the cresgrrelation coefftient and a monotonic decrease in performance.

The only way of choosing the best number of layers is by computing a ratio between the
rendering quality and the performance of the program. Even though the result$aiten
5.2.3.1show a significant decrease in performance between the best and the worst FPS

(framespersecond), with an average of 50%, there is no strdggiitard way to

automatically measure the rendering quality of a scene. For this reason and because this is a
real-time rendering engine designed for possible future games, choosing the optimal humber
of layers is done by the usdrhis can be doneia a video graphic setting menu that sets the

maximumnumber of multiple render targdtem the values supported kyet graphics card

Algorithm 5.2.3.1lillustrates how a splitting scheme can be introduced to the general

Bounding Opacity Maps algorith(Algorithm 5.1

. init:

el

1
2. split_ratio := 0.0
3. Dbest split:=0.0

geometry :=load_scene('scene _file .txt)
5. recompute_split_ratio ;= true
6. render_loop:
7. start_depth_map = render_pass(geometry)
8. end_depth_map = render_pass(geometry)
9. render_textures = render_pass(split_ratio, start_depth_map,
end_depth_map, geometry)
10. IF recompute_split_ratio = true
11. best_split . = process_image(split_ratio, best_split,
render_textures, geometry)
12. END
13. render_scene(split_ratio, render_textures, start_depth_map,
end_depth_map, geometry)
14. IF recompute_split_ratio
15. split_ratio := split_ratio + 0.1
16. END
17. IF split_ratio=1.1

18. split_ratio := best_split
19. recompute_split_ratio := false
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20. END

21. needs_recompute:
22. recompute_split_ratio := true
23. split_ratio := 0.0

Algorithm 5.2.3.1ntegrating a splitting scheme in the Bounding Opacity Maps me¥iben the hybrid split
ratio needs to be updategither theneeds_recompute  (line 21)function or thenit  (line 1) onehavebeen
called the best split ratio is determined by tBEBU implementegrocess_image (line 11)method.The
optimal split ratio is determined from valuestween 0.0 andl.O increased by O(ine 15) in a timespan of 11

frames(line 17)

5.2.4Computing crosscorrelation

Both algorithns that choose the optimal split ratweork with entire images antlecause of

that they are implementesh CPU.In order to get the render textures back from the GPU
several readbacks are done when the split ratio needs to be recorBadaaise readbask

are quite costlythe computation of the optimal split can become a bottleneck unless the sum
of absolute diffeences or the cros=rrelation coefficientare efficiently calculated i.e.
iterating only once on the given imagdfe sum of absolute difference agemputedusing

only one iteration through the data bgtits definition but according tdquation5.2.3.1it

may appear that the cressrrelation needs several iteratioR®r instance the meand the
covariance from this equation might be computed each ussegaratateration and another

final iteration can baeddedio computehe finaldivision.

However, according todZY11] such equationsegarding crossorrelation or momentgan
be done using only one pass if we consider the mean as a constant and simplify it from the
sum.For instanceEquation5.2.3.1can be split into three independent parts:

Q= ©Paw Puw Puw Yuw
66

Q= PRw Yaw

Ww
G = Prw WYVaw
W
And because in this caS¢nw = ww the crosscorrelation coefficient can be defined as:
_9
(@0 0}

Using these definitions'Q, G, andQ; still needthe mean of the imag&Q, in order to be
computedApplying the observation frondZY11]'Q becomes:

0=
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Q= Daw QY0 Paw Yaw
Ww
= Pae0dPan Pa0 P Puw IPaw +Paw IPOw
e
= PaoIPuw Puwd Paw Pawd Paw+iIPaw IPaw

Where0 is the image size and because
Paw =0 IPAw
W
The termQ can be further simplified:

Q=
= PO I 0IP9QWw IPw U IPWw IQaw +0 IQaw IQ aw
[aTA)
= PaoIRaw IPa0 IPaw
W
In the above fornQ can be calculated using only one loop over the image. Using the same
idea’G, can be simplified as well:

Q= Pa® Paw = Paw? 2900 IPRW + Pr?
= Pan? 23000 DA + DPr®?
= P 2IPQ0 PO +PRnZ 1
= Pan? 2D TIQ00 Qa0 +0 IQam2=  Qan? U IQan?

Similarly G; can be rewritten as:

G = Paw? 0 IPaw?
[Ae)
UsingQ, G andG;, the crosscorrelation can be computed in only one iteration over the
images retrieved from the GPU in which the following terms are calcul{@gppendixi
Section 12

PRO IPAO,"POD,"PRw, Paw’and Pa®?
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5.3 Adding common lighting effects

Because the techniques described so far only determine how thedighbutesto the sel
shadowing of a translucent objesimilar to the diffuse lightinderm in the BlinAPhong
shadingmodel[B77], the other terms had to be added as well.

In the case obpaque objectall the termdrom Blinn-Phong are applied, and fomnslucent
objects the diffuse lighting is replacdsy the information given bythe selfshadowing
techniqugAppendix Sectionl0).

Figure 5.3.1Picture from Crystal Space. Difference in rendering when using #lhong terms for opaque
objects (b) and when using only setfadowing information from translucent objects (a).

Moreover opaque objects had to lmtroducedin the computation othe shadow maps.
However, becausa depth shadow map was already usedomputing thestarting splitting

points for translucent objects, making opaque objects cast shadows was easily introduced by
adding the opaque objeadh thealready existinglepth shadownap. Even thoughthis depth

map could have been used directly for testing if an object is shadowed or not, the depth
information was also given to the shadow opacity maps salth@tjects would cast shadows

using the same techniq(@gure 5.3.2.
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Figure 532Pi cture from Crystal Space. Di fference in rend
branches, doot cast shadows (a) and do cast shadows (b).

5.4 Limitations

The limitations of the bounding opacity mag® given by the splittinghethod used, either
linear, logarithmic or a hybrid of the first two.

A limitation is that only one splitting function is chosen for the whole scene, and this is
caused by the fact that the splitting ratio is determined using entire images and not only pixels
or regionsBecause of this a scene containing a dense object andsa sparwill be treated

as a scene which contains an object wischeither dense nor spangelding an inadequate
rendering

In the case oBome objects that changleeir density like smokefor instance whichis a
translucent moddrequentlyused in reatime applications such as games, the splitting ratio

needs to be recomputedhis computation involves texture readbacks and image processing

both done on the CRlh the current implementation, which makes the application turn from
reakttime to interactive for a couple of secon8isrthermorehe splitting ratioalsohas to be
recomputed when the light changes its position and other models with ditieresiticency

|l evel s are brought into the | ightds perspect

A last limitation of the splitting method is related to the fact that the number of layers used
has to be specifiediia the number of available multiple render targeysthe userThis can

lead to aninefficient usage of the hardware, by doing a lot more computations at&an
actually needed in ordeto produce the same renderirdy better method would be to
determine the optial number of layers and check if they are available on the hardware the
application is running on.
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6. Results & Performance

In this section the main three algorithms presented and implemented in this Opigy
Shadow Maps, Deeppacity Maps and Bounding Opacity Maps are analyzed regarding their
performance and visual aspecicording to the number of layers used

The performance is measured in frarpessecond (FPS) usintpe average FPS providég
Fraps[FRAPS] benchmarkingool for aperiod of 60 second3he measures were taken on a
Dell Alienware M11x M11x] having the following hardware components:

M Processor:Intel Pentium DualCore,1.3 GHz
1 Memory: DDR3 SDRAM, 4 GB
1 Graphics: NVIDIA GT 335M, 1 GB

Moreover the application was testeathe following softwareonfiguration

1 Rendering resolution: 1024x768

T Render targebldx512resol uti on:

1 Operating System:Windows 7 Home Premium, Service Pack 1

1 Compiler / IDE: Microsoft Visual Studio 2010 ProfessanDebugWithDlls Win32.

Because all three algorithms are GPU bound, they involve rendering the scene multiple times
and almost no task is done on CRhk GPU cardhadthe most important contribution in the
measurements taken.

6.1 Opacity Shadow Maps

As can be seen fromable 6.1.10pacity Shadow Maps represent a fast way of obtaining
volumetric shadow maps, although they suffer from serious visual artifacts as described in
Section 3.2andSection 3.3

Layers =l Trees Grass Densegrass
4 147.58 137.53 107.76
8 124.85 110.00 79.91
16 86.68 73.87 59.53
32 53.80 39.83 36.58

Table 6.1.IThe variance between the number of layers used and the performance measured in FPS, for Opacity
Shadow Maps.

Whereas Deep Opacity Maps and Bounding Opacity Maps have entire maps for the start and
the end splitting points, Opacity Shadow Maps only use one start splitting point and one end
splitting point, which gives the algorithm a good performance, but pooemegadresultsin
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order to keep the Opacity Shadow Map implementation GPU,kbwedstart and the end
splitting points were obtained by using bounding boxes and matiitg through entir&éD
modes.

6.2 Deep Opacity Maps

Deep Opacity Maps represent a compromise between performansgsaaldaspect, fixing
the sever artifacts from Opacity Shadow Maps, while having a better FPS than Bounding
Opacity MapqTable 6.2.].

Layers Scene FPS Trees Grass Dense grass
4 112.10 77.38 70.53
8 90.66 60.56 61.23
16 63.96 47.93 41.85
32 43.90 29.45 27.28

Table 62.1 The variance between the number of layers used and the performance measured inRp, for
Opacity Maps

6.3 Bounding Opacity Maps

Even though Dee®pacity Maps might have a better performance than Bounding Opacity
Maps (Table 6.3.] when using the same number of layers, the latter method produces better
visuals with fewer layersThis happens because Bounding Opacity Magpge a better
bounding of tle object, there is a depth map for the end splitting points as well, and on top of
that if the hybrid split is uselgetter renderings are obtained wathen fewer layers.

Scene FPS
Layers Trees Grass Dense grass
4 73.41 61.18 49.80
8 67.53 55.13 43.61
16 58.91 46.96 34.66
32 41.88 31.93 26.80

Table 6.3.1IThe variance between the number of layers used and the performance measured in FPS, for
Bounding Opacity Maps.

An overall comparison between the three algorithms implemented in this thesis is show in
Figure 6.3.1 It can be seen that for a larger number of layers the Bounding Opacity Maps
method tends to have the same performance as Deep Opacity Maps, bezaxisa render
passcomputing the end splitting pointsecomes computationally insignificant.
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Figure 6.3.1Plot generated using gnuplot. The variance between the number of layers and the FPS for Opacity
Shadow Maps (red), Deep Opacity Maps (green) anah@og Opacity Maps (blue). Even though Deep Opacity
Maps have better performance than Bounding Opacity Maps, the latter method produces better visuals with
fewer layers.

7. Future work

In this section various approaches that tryitathe limitations presented iSection 5.4are
proposed

Using a different split ratio for each individual ray can solve the factfdwathe current
version there is only one splitgy function for the whole scene, causing incorrect renderings
when multiple objects withdifferent densitiesare presentThis can be donéy creatinga
splitting texture Figure 7.1.), which will store the split ratio for eadndividual ray in a
differentpixel.

A straight forward way t@roducesuch a texturés by using the sum of absolute differences
method of splitting on individual pixels, oregions(Figure 7.1.¢, rather than on whole
images.




























