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Figure 1. Examples ofurrent techniquén CryEnginé 3. Top: Cornell boxike environmentniddleleft:
indoor environmenivithout global illumination, middle right indoor environment with global
illumination, bottom: outdoor environmentth foliage Note the indirect lighting in shadow areas.
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1 Abstract

Thischapterintroduces a new technique fapproximatingthe firstbounceof diffuse global illumination

in reattime. Asdiffuseglobal illumination is very computationally intensivasitisually implemented

only asstatic precomputed solutions thus negatively affectggmeproduction time.In this chapter &
present acompletely dynamic solution ing) spherical harmonicéSHYadiance volumes for light field
finite-element approximation, poidbased ifectivevolumetric rendering and a nemerative radiance
propagation approach. Our implementation proves thas ipassible to use this solution efficiently even
with current generation of consoteardware@ A ONR 82 ¥ - 02 Et o)xBeausg thiy & t f
technique doesot require any preprocesy) stages and fully supports dgmiclighting, objects,

materials aml view pointsit is possible to harmoniously integrate it irdn engineascomplexas the
crossplatform engineCryEngine 3 with a large set of graphics technologies without requiring additional
production time Additional applications and combinationsth existing techniques are dicussed in
details in this chapter.

2 Introduction

Some details on rendering pipeline of CryEngine 2 and CryEngin G-Buffer
could be found ifMITTRINGO7], [MITTRINGO9]. However this paper

is dedicated to diffuse global illumination solution in the engine.
As theCrytek teanmhasalready approachethe limit of existingreal
time direct lighting techniques, we realize theportance and
atmospheridnfluence of indirect illuminatiomo the game scene
(seeFigurel. Examples ofurrent techniquein CryEngine3. Top:
Cornell boxike environmentmiddleleft: indoor environment
without global illumination, middle right indoor environment with
global illumination bottom: outdoor environmentvith foliage Note
the indirect lighting in shadow areasHard productiontime
constrairts andlimited hardware werethe challenging pagof the
indirect lightingresearch Since we positioourselves asross
platform engine it was decided to allocate 10% of frame as the
budget for the global illumination solutiomwhich isaround3.3 ms  Figure 2. Average budget (in
per framefor 30 frames per second on current generation of for rendering one frame of cont:
consoleqseeFigure2.). This budget is achievable even on NVIDIO" currenigeneration  consol

. . . such as Microsoft Xbox 360 or S
7-series and Microsoft X360 GPUs with current approach. Playstation 3
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Asshown in[TABELLIONLAMORLITTEQ4], it is sufficient to have onlgne bounceof indirect lighting to

introduce the visualeracityeven formovieproduction quality. Thereby ourresearchalsodoesnot take

into account mitiple bounces because of thainjustifiedcomputational complexity.

In thischapter, we introducea new solutionto the singlebounce diffuse global illumination problem for
reattime applications. Thehapteris structured as follows:rBt, we partially classify the pvious

research on this topidVe will describe some of our techniques attempted during the search for the best
solution for this problem, outlining the inadequacies of the existing approaches within our constraints, in
order to provide a better perspective for our current solutigxbrief description of theéechnologyis

followed by detailed introduction into thalgorithmand existing implementationhallengesWe provide
solutionsto majority of problems andliscusiow to combine our method witlother lighting

techniques Finally, performance and quality results arealyzed

3 Previous Work

Nowadays a lot ohteractive, reattime and semidynamic techniques for diffuse global illumination
exist It should be emphasized that most techniques differs in a way of construction and reconstruction
of different kind of global illumination datdhesetechniquescan be partially classified &sllows:

Precomputed light transport

The main ideaf this dass of techniquealso known as precomputed radiance transfas described
in [SKS02], [TaTARCHUKO4], [CHENLIUO8]) is to precompute the light transport at every point in the

static scene with arbitrary granularity and store this information with onepgroximated forns

(e.g. spherical harmonics, spherical wavelets etc.). Obviously the main limitations of this class of
methods are the heavy constraints on scene dynamicsigcreéased complexitgf game

production. This clags one of the most populaand widely used in games becausetsfelatively
good runtime performance which is provided by the fact thatl the computatiorally heavy parts

are done offline during the preprocess stage agimple relighting can be done in a few shader
instructions.

Instant radiositybased methods

This classf approachesquch as ifDACHSBACHERSTAMMINGERO5], [DACHSBACHERSTAMMINGERO7],
[LSKLAOQ7], [RGKSDKO08]) is based orthe idea ofrepresenting indirect lighting ascoudset of

virtual point light source$VPL)YKELLERI7]. Consequently, this technique has a great potential to

speed up with GPUts main advantageare goodveracityand absence of any
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scene/lighting/camera constraints. Unfortunately, the main disattage of these methods is
inadequateperformanceprimarilybecause of the necessity tenderat least300-400 shadow
castingVPLdor anarbitrary scene to represent the precise solutioitheut artifacts and flickering
This technique will be discussed in details in the next subchapter.

Photon-mappingbased methods

These method¢such as ifSTAMATEOS8] , [SHIsHKOVTSOVO5], [McGUIRELUEBKEO9])are less popular
than the othersin realtime graphicdecause of theiperformance issues. Usually this class of
techniques is based on classigdloton-mappingapproach[JENsSeNOO]. These methods usually use

GPU texture fetching and rendering units to accelerate the photon map evaluatiensual
optimizatiors for these techniquesreirradiance caching, importangamplingandthe incremental
approach.Onedrawbackof these methodss that the scene needs to be preprocessed to get the
uniquerepresentationfor the photon map. Another problem ighoton map updates caused by
scene andightingchangeswhich leads to highlyconsistent performancand intermittent stalls

Geometry approximation methods

This is aovelclass of techniquelsased orthe idea of fast superpositioningf light transportsof
atomicprecomputed occludersusuallywith discs(such as ifBunNELLOS]), spheres(such as in

[SGNSO07], [GIJWO08]) or surfels (such as [DSDDO07], [EvAaNs06]) being taken as atomic

elements.As the processing power of commodity GPUs increases, these methods start becoming
more popular. However, approximating an arbitrary scene with these buildloaks can present

quite a number of practical challengdaurthermore, itis necessary to have this additional
informationin the scene representatio(e.g.colors, lighting etc.) téake proper indirect lighting into
account.The need to generate the adwnal information can place undue constraints on game
production, as well as require complemplementation and,thus, arerarely used in gamesat this

time.

There are anumberof other realtime approacheso diffuse global illuminationfor instancescreen
space globallumination[RGS09] (the extension for screespace ambient occlusionyhichin turn

takes only screesspace information into accourandthus hassingle view 2Docalityasa disadvantage
It will be demonstrated that this technology a good supplement to our approgdiecause iallows
achievinghe first-bounce diffuse global illuminaticior both smallandfar geometrycasters
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4 The Path to Our Solution

FromCryEngingt 2 onwards we have dynamic lightingncludingreaktime time of day changsupport

(as described ifWENZzELO6]) anda breakableand highly dynamic worldFor these reasons we chose
avoidprecomputed approacbsto the global illumination solution

A splatting indirect illuminatiorapproach[DACHSBACHERSTAMMINGERO7] was considered as a promising

solution for our purposesThe main reasons arthis is the most generalized approadte(it does na
have any precomputationsr hard limitations), andit isbased oreamovieproddzOG A 2y YSG K2R

radiostye [KELLER97]). Moreover, this is the most efficient GPU technique for generation of secondary

light sourcesHowever rendering ofhuge number obecondary light sourcas a challnge for redglme
applications

Severalattemptswere madeby usto solve this problemDeferred techniquesvere used to decouple
lightingand geometry complexity

The first idea was to use groupfFABDGO05] andtile-based[BALEsSTRAO8] deferred rendering of

light sourcesUnfortunately,this did not providethe requiredspeedup since these solutions provide
only some small bandwidth optimizations

Afterwards t became clear that therevere ahugenumberof redundantcalculatiors for indirect

lighting. Thus here should be good optimization opportunities fiot of dull light sources with huge
cowerage

This led to thadea of halfresolution rendering followed by bilateral upsampljisgnilar to the trick used

in [SGNSO07]. Howeverthis introducedsignificantquality degraation in the case ofa scene withhigh-
frequencydepth changs(e.g. foliage, foresttc.).
Thethird ideaisto use the interleaved deferred liglaiccumulationbuffer [SIMPO06] to reduce the GPU

fill-rate and bandwidthimpact. This technique is more accurate thtre bilateral upsamplingDespite
this givinga good speedip, there are still some unavoidable artifactstla¢ edges that comes from the
initial interleaved samples

None of these techniques reduces the complexity by order of magnittideshe rendering
performancein all theg casesvas still unacceptabléor moderngameswith complex scenes and high
definition display resolution

There are severadlifferent solutions proposed addressing this isssiech agNicHoLsWYMANO9],

[NSWO09], whichstill yielded only a partial solutionto the performance problemMoreover, these
techniques have almost no benefit in case of arbitrary scene with highly discontinuous geometry, like
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foliage, and high depth complexity, which is usual scene for gaftbeugh we did not implaent

these solutions because of time constraints.

Initially, the number of secondary light source® (€ ¢n) to 0 (€ ¢log () in solutions described

above where¢ is a number of light sources ands a number of rendered pixeland the performace
overhead for drawing this many lights is not acceptable for current generation of hardware. Therefore
we reached the conclusion that the brute force rendering of a large number of secondary light sseurces
too heavy for with current generation of hardware. However, if the number of lights could be decreased
to U (&€ + 1), then the approach becomes more palatable

In addition,there is anotheiproblem: lack of occlusion information for secondary light szms:lt has
beenrecentlyaddressedn [RGKSDKO08] within imperfect shadownaps This isa usefulideathat

allowsavoidance okcene rasterization for each secondary MRt there is still one significant
production complicationadditionalcomputationstepis necessaryo createand managepoint-based
geometry representatiomf dynamic sceneThisrequirement becomes especially nagtymassive
complex scenes with high depth complexity

It is possible to use imperfect shadow maps for occlusion géioeren our technique as welBut this
technique was not implemented becauserefearchtime constrairs. Also we wanted to avoid storing
another pointbased scene representation because of precomputations and additional memory
overheadand assets produmn complication

5 Light propagation volumes

Firstly, we define a lisof terms used in this chapter. Note that all vector terms &eer-casebold,
operators are uppecase bold

‘O transportintensity
"O visibility operator to be defined below
local reflection operatoto be defined below

V)
() emission distribution of primary light sources
AL
r

vector ofspherical harmonics coefficients
. normal to surface
i areaof surface element
0 number of texelsr cells

m unit vector towards: light source
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0 radianceof indirect illumination

61’ albedo ofpoint on surfacéspectral vector of R, G and B coefficients)

51 Table 1.Symbols used in thehapter Overview

We startwith consideringhe Neumann series dhe renderingequationfor particular point on the
surface[KaJya86] in operationalform with notation from[ATS94]:

‘G (1 00 MM = B%,"QLOF Q (1)
where:
| -transportintensity;
G- linearvisibility operatof:

‘™ (av) k Q0. w0,0)
K¢ linearlocal reflectionoperator:

0Q(@V)k Qal® O QRLEQ (0
7
‘Q - emissiondistribution of primary light sources.
The dependency on the surface point is omittied clarity.
The series could beeduced to three summanda in the caseof finite bouncing limited by the second
bounce

O P+ O+ P (2
where:
@k "QQ - light sourcevisibility from viewer positionwhich usually represents some emissive
object,
"k "QU;'QQ - scene direct lighting term with shadows;
@k "QL;"QUL,"QQ - the second bounce of lighting (the first bounce of indirect lighting).

Now we consider each term of this equation in details.

The first term@k "QQrepresents direct visibility ahe light source and isommonlysolvedin real
time graphicdy renderingan emissivebject representinghe light source shape. The ter@is usually
resolved withregulardepth buffeing.

The term@k "QU;,"QQ represents direct lighting from alght sourcesn the scenewhere:
1 the"@ term is resolved usingclassical depth buffer

2 See[ATS94] for more details on the notation
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{ the 0, operatorwhich is given bghe convolution over a hemisphereducesto some particular
function foreachsimple lightsourceand a simple illumination model witiinalyticalor
precomputedor BRDF.

1 the'Q termisusually solved by one of many shadowing approacBe of themost common
techniquesis shadow maps, which could be treated as another indirection of depth huaffarn
(it should be noted that shadow mappitgchniqueproved itself as a vemgfficient solution).

Now we discuss detailsthe lastterm '@k "Qu;"QU,"QQ, which represents therfit bounce of
indirect lighting:
1 the"@ termis resolved using clasal depth buffemgapproachas wellas in thepreviousterms
1 the lasttwo operatorsu,"Q are efficiently resolvedor pure diffuse surfacewith reflective

shadow mapsechnique[DACHSBACHERSTAMMINGERO5] ascanbe shownby this equality:
'Ok "Q01°QV,QQ = QU QY
where' @k 0,"QQ -is a direct lighting term without visibility operator from viewer position.
Thus we have a scene representation lit by pure direct lighting as an outjitesm.
It shouldbe noted thatthe term0,"QQ in "@can be successfully solvedthin currentlighting and
shadowingmethods for eactsimplelight source.

Thus, it becomes clear that the reflective shadow map technique is a natural and efficient solution for
this term within modern GPUs.

Theequation (2)can be regrouped in following manner
T QR+ 01 Q(Q + V2QQ)) (3)
So, the regrouping in the latter equation shows how the rendering equation could be modified to be

more rasterizatiodriendly. The equation transforms to the more iterative and layered one. That is the
way to solve it efficiently in parallel with currerdsterizationhardware

In the case ofinstant radiosity proposed bKELLER97] we have a huge set of secondary light sources as

an outputof '@k 0,"QQ term. Thenaive solutionisto solve theterm 04 Q for each light source in this
set

01'QV2 QY By U1['QI(V2"QR)q (4)
where (0,"QQ)-ds thei-th secondary light sourceom the set
As listed before, there are mamgchniquesbased on this techniquéll of themsuffer fromahuge
performancepenalty fromrendering sucla largenumberof light sources becausehe numberof
members in this sum is usually sevdrahdredper pixel

Another challenging part of this operator is occlusitwtection, which ididden inthe outer " Oterm.
Most of mentioned techniquesgnore the secondary occlusion becausehaf rapidlyincreasing number
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of visibilityteststhat needto be donefor each VPLHoweverit is still possible to take it into account
with imperfect shadow mapflRGKSDKO08] with good perfornance characteristidsecause of

stochastic sampling utilization for visibility queriBsit as mentioned before this chapter does not cover
the secondary occlusion problem.

The usual pipeline 6@k "QU;"QU,"QQ term is:

@ KGN

VLPs generation
(e.g. reflective 5/ VPL Gathering > Lighting
shadow map)

ANV N
(" Go

»  Depth buffer

N—

As it could be noticefrom this schemethe term 0,"Q is usually the most expensive gathering stip.
consist of processing generated set of VPLs (such a&sportance sampling

[DACHSBACHERSTAMMINGERO7], Lightcuts§WFABDGO5]), which is optionaland gathering stepwhich

is usually a deferred shading or deferred lighting pass with some optimizatonkierarchical
representationamentioned in subsection 4.

We reformulate the termy;"Q as a scattering operatiorather than gathering one. Moreover, we
provide a batched scattering for massive amount of light sources, where each particular light source
brings a small contribution to the final picture. This is &xactcase we have for indirect lighting
rendering wih VPLs.

Now we briefly describeur algorithm and propose the solution to the last term in the radiance
propagation section.
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Thealgorithm consistef four partsas shown aFigure3:

Generation ofradiance point sescene representation Reflective shadow

map generation

This stage consist oegeration of set of secondary light sources

by rendering the scene into the reflective shadow map Radiance injection
Injection of point cloud of virtual light sourcesnto radiance Radiance
volume propagation

Given a pointloudsetof virtual light sources from previous
stage injectit into the radiancefield which is represented by

volume texture ofspherical harmonicsoefficients Figure 3. Algorithm
overview

Scene lighting

Volumetric radiancepropagation

Within the initial radiancedistribution, propagateadianceby iteratively solving differential
scheme isidethe volumdric grid. Storethe results inthe radiance volume.

Scene lighting witHinal light propagationvolume

Apply resultingadiance voluméo the scene lightingBesidethe classic way to applight

propagation volumein the way ofSH irradiane volumeto scere lighting[ TATARCHUKO4]

[OATO6], there are a lot obther applications to the resulting radiance volumes.

The integration ovea hemisphere othe normakwith a cosine lobe could be done the SH
basis on the flyn the shadeto convert incident radiance to irradiance for diffuse surface

(CHENLIUOS]).
Allthese methodsare described in detail ithe corresponding sulsectiors below.
Also it should be noted that this approach is similaffeans06] in generd The maincontributions of

our approach is higher precision, along with no precomputation requirements and physically based light
propagation.
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There are still some challengidee spatial localitypecause of grid approximaticand SHlow-frequency
approximationproblems We discuss all these problentkgir importance and solutions in the
GLYLINR@SYSyida IsupsectignlJi AYAT F GA2YyE

5.2 Scene point cloudjeneration

We usereflective shadow magp(RSMYechnique[DACHSBACHERSTAMMINGERO5] to createa point cloud

set of secondary light source$the surrounding scene object$he idea of RSk fairly simple and
applicableto our caseit allowssamplingof only lit points of the scene withniform samplinglensity in
anacceptable time. lis one of the most effientand highly paralleturrent methodsfor the GPU to
samplethe secondary light sourcesf a sceneas mentioned beforeThus the input set of secondary light
sources for the equatiofd) can be easily generated.

We usethe classicaRSMayout[DACHSBACHERSTAMMINGEROS]. This makes it possible to manipulate

the final intensity of alusteredsecondary VRduring subsequendown-sampling passMoreover, this
also facilitatesnjectionof each VPInto the light propagation volume

To reduce the number aksulting light sourcesve usea smatrt filter to make an importancgown-
samplingof the resulting RSMusing arintensity-awareclustering Themetric of thisfilter is similar to
[WFABDGO5] and consist in clusteringeyVPLdy its intensitiesThis sep lightens the follownjection

stage.The implementation could be found AppendixB of this chapter.

5.3Injection

The idea of this stage is transform a given pointloudsetof VPLs intanitial radiance distribution
represented inSH coefficientsimilaly to [CHRISTENSENO8] andinjectit into alight propagationvolume

[ AAKG LINBLI 3 4A 2y radigntedmfuétérn in thig chajzrbiRa vbldmetkic tekture,
which storegadiance fieldapproximated by spherical h@aonics at each texel. Thuse have regular
finite-element spatial approximation instead of dynamic data structuvés.will operate with Surfels
from point-based renderingPBR). In terms of PBRis stage consistsf rendering a lot oburfek intoa
volume texture.Therefore, it becomes not only a SH projection stabat also creates an initighdiance
field in the radiance volumeAsthe input of the injection stage we havea set of secondary light sources
stored as texels adhe downsampled rdéctive shadow maprhe goal of this stage is igject the

existing initial distribution breflectedradianceinto the SHadiance volumeising pointbased rendering

[BHZKO5] into volume texture The major problem of PBR is discontinuities betwseriels. Sincethe
size ofindividualtexel inthe RSM is guaranteeid be muchless tharthe size of one grid cetif the
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destination volume texturén our casethere is no need to compute the exact size and orientation of
eachsurfel Instead, we need to takmto account the weight of the final contributioffhus it becomes
just an additive accumulation step.

Note that the computations in thisub-chapterare performed only foadirectional light like the sun,

which is the most important and complex liggdurce for diffuse global illumination problem. The
computations for other types of light sources could be easily done in a similar way, but with care about a
perspective transformation.

Additionally, an attention should be drawn to the fact that thighis last stage, which needs to be

repeated for each additional primary light source in the scene. That means that only the RSM generation
stage and thenjectionstage should be done for each primary light source, butitifection could be

done into the ame shared radiance volume that could $feared for multiple light sourceJhis is an
important advantage because these first two stages are relatively cheap and could be easily afforded for
many primary light sources with current generation of graphesitvare.

We use spherical harmonics coefficients up to the second pahath amounts to four coefficient$d
represent the hemispherical secondary light sounceangular spacéAs it will be shown belowhe
approximation with the second band spherical harmonicifficientto represent indirect lighting in the
radiancevolumebecause of its low frequency natund/e convertthe radiosity of each surfel into a
hemispherical lobe projected to SH basis. Birstle evaluate the normalector represented by its
coordinatess = (W w @) of VPL intaa direction represated byvector of SH coefficientsn the fly in the

shader. The polynomial forf the SH basit= (Gy G 63 G3) iS[SLOANOS]:

.1
8% o
L B
. VB
L B0

These coefficientshould berenormalizedafterwardsto form a hemispherical lobél'he normalization
coefficiensfor hemispherical light sourcare shown inAppendix AThis vectorlsoneeds to be scaled
by the contribution d the VPLsurfel, whichare initial direct light source colored intensity, albedo
color=y multiplied byintensityQ andthe weightof the surfelw; to get the final spectral coefficients of
the consideredvPL
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The intensity@Qof eachsurfelfor diffuse surfaces can be calculated as usual:

Q= « om,
Term = y®m, means that the dot product= ym is clamped to the range of neamegative values.
Note that term=j'Qrepresents the radiosity of the comtsired surfel.

Alsa the RSM texel area arttle projected radiance volume cell area should be taken into acc@st.
mentioned before RSMsurfek are guaranteetb be much less than one texel of destination volume
texture, thus we donot need to careabout discontinuitiesHoweverwe still need to weighthe
contribution of each surfel

Thus we calculate the weight terfn for each surfelFirstly, the area of each texel @am isometricRSM
can be calculated dsllows:

, vy _ laap
e =TT T Ty

Where:
iy -Iisthe area covered by reflective shadow map
i 5o - is the whole area covered by the considered appro@lh area of the cut of the radiance
volume which igperpendicularto the direction oflight sourcebeing injected)
0- is the number of texels in the reflective shadow map

Here wechoosethe coverage of the RSMyy, completely tomatch the coverage of the radiance
volumei g q;. Thatassumptionwill simplify following calculations.

The area of one cell can la@proximatedas an area afhe cut of the radiance volume. Note that the
area of this cut is named &g q;. Thus we have:

Ldon = 3

Sowe canapproximatethe weight for eaclsurfelas:

' g O

Theresulting weight of eackurfeldoesnot dependboth on the size ofthe radiance volumendon the

size ofthe RSM. That idue tothe choiceof the RSMarea whichalways tightly fisthe coverage of the
radiancevolume
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5.4 Propagation

There are several approaches to solutiorire renderingequation(1) as described ifKAJYA86]. Most

of them are spliinto two main groupsforward
solutionsand backward solutionsThemost
commonexamplesare forwardand backward ray
tracing.Thelatter group is the most popular in
computer graphics becauskis possible to
efficiently get partial solution to the rendering
equationwithout redundant computations

The propagation stage belongs to the group of
forward solutions.This method has some
analogies to SH solutions sattering equation

proposed ifKalsyAVoNHERREN86] and could be
deduced from it by assuming the absence of
participating media in the scene

Because of the lovirequent nature of indirect
lighting, we can representm@moutgoing indirect
radiance distribution by a few bands of SH. Also
the initial distribution fromthe injection stage is
guaranteed to have at least hemispieal distribution or smoother. In one of his pap&avi
Ramamoorthsays that you need 3 bands for the diffussvoluted environment map

Figure 4. Radiance propgation iteration

[RAaMAMOORTHIHANRAHANO1]. Although we us@ bands of SH coefficientehichis enough to represent

hemispherical cose lobeoutgoing indirect radiance distribution in our case

The propagatiorstage consists of several sequential iteratidBachiteration represents one discrete
a0SL) 2F fAIKOG LINRLI IFGA2Y AY GKS NI RAFYOS @2t dzv

Supposa) @ is an initialindirectradiancedistribution in celka During the injection process we add
radiancecontribution of each VPL into the closest cell regardless of its position inside of thiSine#.
the exact distribution of VPLlis unknowninside of thiscellafter the injection processwve have to treatt
as acube with edge lengtlequal to the distance between cell§he radiancef collectedVPIsis
uncertainly distributednside of this cubeNote that we can havan averagedistribution ofthe radiarce
on facesof this cube.
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