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ABSTRACT

Fogis oftenusedto addrealismto a computergeneratedceneput
supportfor fog in currentgraphicsAPIs suchasOpenGLis limited.
Thestandardog modelsarevery simplistic,allowing for auniform
densityfog with slightvariationsin attenuatiorfunctions.While re-
centextensiongo the OpenGLstandardorovide heightdependent,
or layeredfog, it doesnot correctlyaccountfor line-of-sighteffects
astheviewpointmovesthroughthefog.

In this paper we presenta new, fastbut simplemethodfor gen-
eratingheterogeneoufg asa postprocessingstep. Using stan-
dardOpenGLShadind.anguagdeaturesit requiresonly thedepth
buffer from the normalrenderingprocessasinput, evaluatingfog
integralsalongline-of-sightto producerealisticheterogeneou®g
effectsin real-time.

Keywords: Algorithm, Post-processindreal-Time fog, Shader

Index Terms: 1.3.3 [Computer Graphics]: Picture/lmage
Generation—Displayalgorithms; 1.3.1 [Computer Graphics]:
HardwareArchitecture—GraphicBrocessors

1 INTRODUCTION

As far backasversionl.1, OpenGLhasprovided supportfor fog.
However, fog hasalwaysbeenimplementedasa relatively cheap,
andsimplistic,depthbasedeffect. Thebasicideabehindfog is that
the distancebetweenthe viewpoint and a fragmentis computed.
This distanceis thenusedto blendthe fragmentcolor with a fog
color. While this produceseasonableesults thereareafew prob-
lems. The OpenGLspeci cation permitsimplementationgo ap-
proximatethe fragmentdistanceusingonly the fragmentdepth,or
Z value.Most AP| implementationsisethis approximationwhich
leadsto someundesirableffectsasshovn in Figurel, wheremore
treesarevisible alongthe horizonin theright image.Both images
aregeneratedrom the samecamerdocation.However, in theright
image,the camerahasbeentilted dowvnwards. While the camera-
objectdistancehasnot changedor thesetrees,the rotationof the
camerahasresultedin reducedZ values. This causesa reduction
in the computedfog density allowing treesthat were previously
invisible,to becomevisible.

Figure 2 shawvs how this artifact can occurusing OpenGLfog
model. Thegrey bandshawvsthevisible regionfrom nofog to com-
pletefog. In theleft diagram,Treel is in thefully foggedregion.
With the camerarotatedin the right diagram,Tree 1 falls into the
partially foggedregion, andthusbecomevisible.

Recentadditionsto the OpenGLstandardncludethe ability to
specifythe effective Z0value,or depthof avertex for the purposes
of fog computations.Often referredto asthe fog extension,this
permitssigni cantly more control over the fog generatiorand al-
lows effects suchas height dependenfog, but at the expenseof
providing morepervertex data- alreadya potentialbottleneckand
moreCPUcycles.
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Figure 1: Problems with standard fog. The right image shows more
trees on the hillside when the camera is tilted downwards.
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Figure 2: Fog artifacts

Another problemwith the fog modelin OpenGLis that only
renderedbjectsarefogged,leaving the backgroundinafected,as
shavn by Figure3.

The ohvious solutionto this problemis to setthe background
color to the fog color, but this only works for homogeneousog,
notthefog extensionwhich usuallyrequiresa gradedackground.
Thus, the standardog modelemployed by OpenGLis somevhat
limited in its application.

Considerablavork hasbeendoneto improve the situationusing
eitherphysically-baser appearance-basegproachegl] [2] [4]
[5] [6] [8] [9] [10] [11] [12] [16] [18] [19] [21] [22] [23] [25], with
theultimategoal of simulatingfully heterogeneou®g in threedi-
mensionsHowever, mostapproachesithercannotachieve theper
formancecharacteristicsequiredfor realtime applicationsor re-
quiresophisticatedlgorithmsthatmustbeintegratedinto themain
renderingpipeline.

In this paperwe presenta new methodof generatingeal-time
heterogeneou®g usingpost-processintechnique Our algorithm
usesanalyticalfunctionsto evaluatethe fog integral alongtheline
of sight,accuratel}computingthefog densityonaperpixel basisto
produceheterogeneouwg effects. It requiresonly the depthbuffer
generatedluringthenormalrenderingprocessmakingit very easy
to integrateinto existing renderingapplications.Additionally, it is
alsoextremelyfast,beingimplementecdentirelyonthe GPU.

In the next section,we review the existing approachesor real
time fog rendering. Section3 describeghe technicaldetailsin-
cludingfog approximatiorin appearancbasedog simulationand
our new algorithmwith hardware acceleratiortechnique.Section
4 presentghe implementatioraswell asthe integrationof our al-



Figure 3: Background is not fogged

gorithm to the OpenGLrenderingpipeline. Section5 shavs the
results,section6 comparesour methodwith othersand section7
discussesur conclusionsandideasfor futurework.

2 PREvVIOUS WORK

Existingwork for realisticfog renderingcanbebroadlycateyorized
asphysically-basedndappearance-based.

In the physically-basedapproachfog is consideredas a stan-
dardparticipatingmedium,andis generatedhroughglobalillumi-
nationalgorithms.To reducesxpensve computationatost,simpli-

cations aremadethroughsinglescatteringandmultiple scattering
models.In singlescatteringtheparticipatingmediumis assumedo
be optically thin, allowing the sourceradiancesimpli cation to ig-
noremultiple scatteringwithin the medium. Analytic method[23]
hasbeenusedto solve theintegral problempresentedh the partic-
ipating mediumwith signi cant simpli cation. The deterministic
method[11] [16] aimsat numericalsolutionsof the sameproblem,
for example,Zhu et al [25] applies'depthpeeling[7] techniqueto
calculatevolumetriclighting, while the stochastianethod[22] is
foundto beusedin cloudsinsteadof fog by applyingrandomsam-
pling to solve the equationfor the radiancereachingthe eye for
the singlescattering.In multiple scatteringboth deterministicand
stochastionethodsusedherecontaintwo stages:an illumination
pasdor computingthesourceradianceandavisualizationpassor
the nal image.Someof the deterministiomethodq21] extendthe
classicalradiosity methodthat accountdor isotropicemitting and
scatteringmedium (zonal method),other improvementscan deal
with anisotroy usingsphericalharmonicg[2] [10], discreteordi-
nates,or implicit representation.Stochastionethods[6] [9] [12]
[18] solwe thetransporequatiorby meanf randomsamplingus-
ing randompathsalongiterationpoints. In summary while these
methodscanproducerealisticscenesthey comewith a high com-
putationalcost,even when hardware acceleratioris implemented,
they arenot real-time. Cerezoet al [5] providesa comprehensie
review of the participatingmediumrenderingechniques.

In appearancbasedapproachesheideais to producevisually
pleasantresultswithout expensve global illumination determina-
tion. Perlin [19] documentednapshot®f thoughtssuchasusing
Gaborfunctionsfor simulatingatmospherieffects. Biri etal [3]
[13] suggestednodeling of complex fog througha set of func-
tions allowing analyticalintegration. Zdrojenska[26] introduced
randomnes#n attenuatiorthroughperlin noiseand produceshet-
erogeneousooking fog without line of sightintegral. Heightde-
pendentpr layeredfog, variesthe fog densitybasedon the height
[8] [14]([19] dosenot containimplementatiordetails). Mech [15]
proposedo representhe gasboundanyy a polygonalsurface,us-
ing graphicshardwareto determinethe attenuatiorfactorfor each

pixel insideor behindthe gas. Nvidia developers[17 adoptedsim-
ilar ideaproposedn [15], developeda RGB-encodingtechnique
combiningwith 'depthpeeling’[7] to renderfog polygon objects
asthick volumeson GPU. The adwantageof theseapproachess
thatthey allow simple but fastrenderingof fog. However, Biri's
methodis not yet fastenoughon currenthardware,and Zdrojew-
ska's methoddoesnot take fog volume into account,causingin-
correctresultswhen consideringmotion parallax,makingit more
suitedto simulatelow cloudin naturalervironmentswithout trav-
eling throughthefog (i.e. asopposedo man-madernvironments).
AlthoughBiri' salgorithmusedanalyticalfunctionsto approximate
the extinction coefcient, the performanceof the implementation
was constrainedby the way in which the depthinformation was
usedfor integration, and the pixel texture techniqueusedin [8]
did not producereal-timeresults. Fog polygonvolume basedap-
proach[15] [17] suitemorefor small volumessuchaslight shatft,
smole, etc. An additionalconstraintimposedby mary of these
techniquess thattheproductionof thefog effectmustbeintegrated
into themainrenderingpipeline- somethinghatis not practicalfor
mary existing renderingapplications.Our nev appearance-based
approachavoids this constraintby usingthe depthbuffer to recon-
structscenalepthinformation,while performingline-of-sightinte-
grationon the GPU usinganalyticalfunctionsandtrue Euclidean
distance.

3 TECHNICAL DETAILS

To computefog color, we needto integratealongthe ray between
thecamergositionandthefragmentpositiongiventhefog density
function. Therearetwo mainaspects$o generatingog usinga post
processingpproach.The rst is to reconstructhe 3D positionof

eachfragmentin the framebuffer, while the seconds to compute
thefog basedn thefragmentandeye positions.

3.1 3D Fragment Position Reconstruction

In orderto evaluatethe fog integral alongline of sightaccurately
the 3D positionof eachfragmentin world coordinateneedsto be
reconstructedThe depthbuffer storestransformediepthvaluefor
eachfragmentandcanbeusedto reconstrucBD fragmentposition.
Generally mostpostprocessingpplicationghatneeddepthinfor-
mationusespecializedshadersandalternaterendertargetsto 'lay
down' depthinformationin aform which canreadilybeusedin the
postprocessingtages.The disadwantageo this approachs thatit
requiressigni cantly moreintegrationinto the renderingapplica-
tion. It canalsoimpactperformancdrequiringan extra sceneren-
deringpass)andbandwidth(requiringan extra rendertarget). For
our new approachwe usea standarcpbost-processingechniqueof
drawing ascreeralignedpolygonwith customizedrertex/fragment
shadershut usetheregulardepthbuffer generatedspartof thenor
malrenderingorocessasaninputtextureinstead. Theproblemwith
the depthbuffer is thatthe depthinformationis non-linear having
beentransformedby the modelviev and projectionmatrices. The

rst stepis to reconstrucscenedepth. A nave approacthto thisis
to useaninvertedmodelviav/projectionmatrix, alongwith normal-
izedx andy values,to computethefull 3D fragmentpositionrela-
tive to the camera.Oncethis is known, alongwith the positionand
orientationof the camerathe real world position of the fragment
canbe obtained.However, this turnsout to be quite expensve, so
we useanalternatve, fasterapproach.The rst stepis to compute
the depthvaluez. From an examinationof the projectionmatrix,
we candeducehat

Py

z= 1
2ps (1)

where
f+n

P33 = nf v
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Figure 4: Reconstruct 3D fragment position, relative to the camera.

and
2f n

f n

Psg= (3)
wheren is the distanceto the nearclipping plane,and f is thedis-
tanceto thefar clipping plane.

Giventhatwe canobtain V\Z; from the depthbuffer, andboth P33
andP34 caneitherbe computedbasedon knowledgeof thecamera
propertiesor obtaineddirectly from the projectionmatrix, we can
easilycorvertavaluefrom thedepthbuffer to anactualdepthvalue.
Thisalsohastheresultof reducingit to ascalaroperationrequiring
oneadditionandonedivision perpixel.

Thesecondstepis to computetherealworld positionof thefrag-
mentbasedon this depthvalue,relative to the camera.To do this,
we take advantageof the graphicshardware by settingup a unit
vectorin thedirectionof thefragmentusinga vertex shadeiin the
postprocessingThehardwareautomaticallyinterpolatesghisfor us
to usein thefragmentshaderwhereit is usedto generateherela-
tive locationof the fragmentby computingthe fragmentEuclidean
distancgUj.

Uiz 2
vi= 5 (4)

whered is the unit vectorin the directionof thecamerao thefrag-

ment, V is the unit vectorin the directionof the cameraandz is

de ned in (1). Figure4 shavs 3D fragmentposition reconstruc-
tion. The 3D positionof thefragmentrelative to the cameras then

obtainedby

U=jYja

The nal stepis to add the position of the camerato U, pro-
ducingthe real world 3D position of the fragmentP, whereP =
(Xtragmen; Yfragmen; Zfragmen) -

3.2 Fog Computation
3.2.1 Homogeneous Fog

Appearance-basedog generally assumesthe scattering of a
constantambient illumination in a homogeneouson-emitting
medium. It simplies the transportequationin participating
mediummodelasfollows:

L(x) = ke AL (x)+ (1 ekaX N)Lq (5)

wherelL, representshe constantamountof light, L(Xp) is thera-
dianceof light at spacepoint xg, and ka beinga constantasthe
absorptiorcoefcient to represenhomogeneoumedium.

The rst termcharacterizethelossof light of theobjectsurface
dueto theabsorptiorof themedium.Thesecondermdescribeshe
contribution of the scatteringwithin the medium.The OpenGLfog

model usesthis approximationto integratea uniform attenuation
dueto mediumabsorptiorbetweerthe objectandthe viewer.

C=1f Cn+ (1 ) Crog

wheref = e (densty?d 7istheeye-coordinatelistancebetweerthe
viewpoint andthe fragment,Ciy is the fragmentcolor, Cs g is the
fog color. Ci, mapsto L(xg), Ctog mapsto Le.

3.2.2 Layered Fog
Layeredfog extendsequation(5) to non-uniformattenuatiorof the
medium- f(u), basedon heightvariation.

Rfragmem fragmen

R
L(X):e camea f(u)dul_(xo)+(1 @ camea f(U)dIJ)Le

Oncewe have the fragmentpositionin realworld coordinatesywe
cancomputethe expectedblendingof the fragmentcolor with the
fog color, basedon the amountof fog betweernthe cameraandthe
fragment. To do this, we needto evaluatethe fog densityintegral
alongthecamera-to-fragmemector In thecaseof ahomogeneous
fog, this computatioris trivial, while in the caseof fully heteroge-
neousfog, it canbe computationallyery expensve. Layeredfog,
wherethefog densityf, is dependenbnly ontheheighty, is aspe-
cial caseof heterogeneoufog. Supposehetotal fog betweerthe
cameraandthe fragmentposition,is givenby theintegral F along
thecamera-fragmentector

z fragmen
F= f(u)du
cameg
wheref(u) is thefog densityat a 3d spaceposition. Sincethe fog
densityis only dependentipony, this canbe simpli ed:

z
1 Ytragmen

F Sin(eragmem) Yecamen f(y)dy (6)
where gfragmen is the angleof inclination of the camerato frag-
mentvector calculatedon per pixel basis,Ycamea IS the y coor
dinateof the eye point in world space,andy¢ragmen is the frag-
menty positionin world coordinate.Figure5 shavs the geomet-
ric relationshipsamongEuclideandistancejdj, g andthe height
[Yfragmen Ycameaj. We caneasilyapplyjOj to expressequation
(6) asfollows:

JUJ z Ytragmen

= - : f(y)d 7
JYfragmen  Ycameml Ycamea )dy )

Obviously, equation(7) covertsabsorptionof a ray alongline of

fragment

Y papmen:

Yeamera

camera

Figure 5: Height Dependent Fog Computation Per Fragment

sight to its vertical componentby a scalingfactor Combining
equation(4)we de ne layeredfog asbelow:

Z
z 1 Ytragmen
Fe o ——MM f(y)dy 8
UV ]JYfragmen Ycames] Ycamea




The methodof evaluatingthis integral depend®on the fog func-
tion. Functionghatcanbeintegratedanalyticallyaregenerallytriv-
ial to computen afragmentshaderbut it canbedif cult to achieve
realistic looking since mostanalyticalfunctionsproduceperiodic
patternsunlessa large numberof termsare used,andthis canbe
slow to evaluate . Hard codedfunctionscanbeusedto producecus-
tomizedfog patterns,well suitedto layeredfog. Non-analytical
functionspresenthe biggestproblem,sinceapproximationmeth-
odsrequireloopingthatseriouslydegradegperformanceQur solu-
tion to this wasto pre-computehefog integral acrossts expected
range storingtheresultin atexture thatcould be usedasalookup
tablein thefragmentshader

3.2.3 Heterogeneous Fog

By usinga fog densityfunctionthatis independenin eachdimen-
sion, we can easily extend our methodto produce3 dimensional
heterogeneoufog effects. In this case the fog integral F canbe
modeledasfollows:

F(xy.2 = F(YF(Y)F(2

As with layeredfog, functionsthat canbe integratedanalytically
canbe evaluateddirectly in the fragmentshader or the integrals
canbepre-compute@ndstoredin textures.

3.2.4 Putting it Together

Once the fog integral has beenevaluated,the fragmentcan be
blendedwith the fog color. We choosean exponentialblending
function

f=eF

althoughary suitablefunctioncanbeused.

3.2.5 Color Gradient Fog

We canextendthis algorithmto evaluatefog integralsonindividual
color componentsusing differentfog densityfunctions. This can
be usedto producecolor variationsin fog, for example,simulat-
ing smogwhencertaincolorsare scatterecr absorbednorethan
others. Using layeredfog asan example,the fog computationis
modeledby thefollowing:

Yt ragmen

z 1
Frijgib = 3

UV |Ytragmen rigibMdy  (9)

YCame BJ Ycamea

where fijigin(y) is fog densityfunctionfor r, g or b color compo-
nent.The?ragmentisthenblendedJsingtheindividuaIIycomputed
componenvaluesasfollows;

(§S+1 Di;§+1 DgiS+1 Dp)

where(S§; S5, S Sa) and(Dy; Dg; Dy; Da) arethesourceanddesti-
nationblendingfactorsrespectiely.

4 |IMPLEMENTATION

Our implementationis basedupon a custom hierarchicalscene
managemerandOpenGLbasedenderingenginedevelopedby the
authors,althoughary OpenGLbasedrenderingengineshouldbe
suitable Writtenin C++, our applicationprovides'hooks' into var-

ious partsof therenderingpipeline,allowing usto easilyinsertour
postprocessinglgorithm.

The rst stepis to renderthe scenanto the framebuffer, which
is doneby the applicationas before. Oncethe scenerenderingis
complete,the scenepost processings triggeredjust prior to the
framebuffer swap. At this point, the depthbuffer is capturedus-
ing the OpenGLcopy-to-texturefunctionality Next, thedepthcon-
versionparameter®sz(equation(2) andPs4(equation(3)arecom-
putedbasedon the cameragproperties.The postprocessings then

initiated by drawing a screen-alignegbolygon, textured with the
depthtexture,andusingcustomvertex andfragmentshaderswrit-
tenin theOpenGLShading.anguageThevertex shadeis usedto
setup theeye-to-fragmentinit vector de nedin realworld coordi-
nates.This is interpolatedby the hardware pipeline,anddelivered
to thefragmentshaderfor usein computingthe fragmentposition.
The depthconversionparameterseededor cornverting the depth
buffer valuesare passedo the fragmentshaderas uniform vari-
ables.Figure6 shavs the stepsin our postprocessingmplementa-
tion, andhow it integratesinto therenderingapplication.

Update Scene
Capture Depth Buffer

A4 A 4

Render Scene Initialize Shader
y

'
. L
Render Palygon
Swap Buffers

Figure 6: Integration of Post-processing

To blendthe fog color with the fragmentcolor, we take advan-
tage of the standardOpenGL blending functionality and simply
computean alphavaluein the fragmentshader The outputfrom
thefragmentshadeiis a fragmentcolor consistingof the RGB fog
color, andthe computedalpha(fog) value. Therenderingpipeline
takescareof therestof thework by blendingthefog colorwith the
existing fragmentin the frame-huffer.

Thefragmentshadeiitself is relatively simple. Pseudacodefor
generatindayeredfog is givenfor it below.

read fragment depth texture

perform scene depth reconstruction

compute eye-to-fragment vector

compute fragment position in real world

compute Euclidean distance  between the
camera and the fragment

evaluate fog integral

compute alpha value

from depth

5 RESULTS

The algorithmsin this paperwereimplementecbn a 2.8GHzPen-
tium IV platform, with 1GB RAM andannVIDIA 6800graphics
card,runningLinux.

A numberof testscenesvere chosenusinga variety of resolu-
tionsandfog functions.

The rst testscendrigure?, usesa simplefour pointrampfunc-
tion to producea simple heightdependen(layered)fog. Theidea
behindthis fog function wasto producea thin layer of fog, just
above theground.

Figure8 is anundervaterscenghatdemonstrateanothemuseof
fog. Thisscenausesafog densitythatincreasedinearly with depth
to simulatetheincreasingattenuatiorof light in water

Figure9, the cave sceneusesa two point fog function, with a
uniform densityup to a heightys, thenfalling linearly to zeroata
pointys.



Figure 7: Serene Street - A low level ground fog using a simple height
based function

Figure10, anothercave scenewith heterogeneoufag basedn
Perlin noisefunctions(pre-intgrated)for X andZ, andan expo-
nentialfunctionfor the height.

Figure11,theVillage sceneusesheterogeneou®g basedn 3
Perlinnoisefunctions.

Figurel2 shavs a selectionof sceneshatusea simplefog den-
sity function that increasedinearly with decreasingheight. The
heterogeneouappearance a resultof depression the terrain,
andsigni cantly improvesthe perceptiorof depth.

Testsindicatedthat the cost of generatinglayeredfog effect
rangesbetweerD:39to 3:08 millisecondsfor the abore scenesgle-
pendingon the screenresolutionand compleity of the fog func-
tion. Themaximumscreerresolutionwas1024 1024.

6 DiscussioN

Sinceour techniqueis post-processingand evaluatesthe fog in-
tegral alongthe line of sighton per pixel basis,it doesnot suffer
from the poppingeffect discussedn gure 2, nor the background
problemshaowvn in gure 3. It eliminateslimitations in methods
suchasBIri' s [3], which producesoticeableartifactsfor fog ren-
deringwhenthetexturesizeis smallcomparedo theimagesize,or
compromisedgerformancef a largertexture is used. To enhance
the heterogeneouappearancef the fog renderingwe apply Per
lin noisefunctionsinsteadof equipotentiafunctionsusedfor local
re nementby Biri etal. Our methodcanalsoeasilysimulatethe
effectsof wind to animatethefog by providing time dependenoff-
setswhenevaluatingthe fog integrals.

7 CONCLUSION AND FUTURE WORK

In this paperwe demonstrate new, e xible andefcient method
of generatingadvancedfog effectsin real time. We apply post-
processingechniquesn the GPU to producenaturallooking het-
erogeneousog using Euclideanfragmentdistancereconstructed
from the depthbuffer. Sincethe implementatiorrequiresonly the
normal depth buffer as input, we avoid the needfor customized
shadersn the standard-enderingpipeline, makingit very easyto
integrateinto existing renderingapplicationsin summaryourcon-
tribution includesthefollowing attributes:

Accuratescenedepthreconstructiorfrom the depthbuffer.

Figure 8: Underwater Adventure

Accurate3D fragmentpositionreconstructiorin world space
from scenedepth.

An easilyintegratedGPUbasedost-processintgchniqueor
realtime framerates.

RealisticHeterogeneoufog and extensionof color gradient
fog.

Our methodmalesthe assumptiorof independenfog densityon
threedimensions.In future work, we needto solve arbitrary fog
densityintegral problemincluding correlationsacrossdimensions,
andextendthis techniquento a globalillumination model.
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