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ABSTRACT

Fog is oftenusedto addrealismto acomputergeneratedscene,but
supportfor fog in currentgraphicsAPIssuchasOpenGLis limited.
Thestandardfog modelsareverysimplistic,allowing for auniform
densityfog with slightvariationsin attenuationfunctions.While re-
centextensionsto theOpenGLstandardprovide heightdependent,
or layeredfog, it doesnotcorrectlyaccountfor line-of-sighteffects
astheviewpointmovesthroughthefog.

In this paper, we presenta new, fastbut simplemethodfor gen-
eratingheterogeneousfog asa postprocessingstep. Using stan-
dardOpenGLShadingLanguagefeatures,it requiresonly thedepth
buffer from the normalrenderingprocessasinput, evaluatingfog
integralsalongline-of-sightto producerealisticheterogeneousfog
effectsin real-time.

Keywords: Algorithm, Post-processing,Real-Time fog, Shader.

Index Terms: I.3.3 [Computer Graphics]: Picture/Image
Generation—Displayalgorithms; I.3.1 [Computer Graphics]:
HardwareArchitecture—GraphicsProcessors

1 INTRODUCTION

As far backasversion1.1,OpenGLhasprovidedsupportfor 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 producesreasonableresults,therearea few prob-
lems. The OpenGLspeci�cation permitsimplementationsto ap-
proximatethefragmentdistanceusingonly thefragmentdepth,or
Z value.Most API implementationsusethis approximation,which
leadsto someundesirableeffectsasshown in Figure1, wheremore
treesarevisible alongthehorizonin theright image.Both images
aregeneratedfrom thesamecameralocation.However, in theright
image,the camerahasbeentilted downwards. While the camera-
objectdistancehasnot changedfor thesetrees,the rotationof the
camerahasresultedin reducedZ values. This causesa reduction
in the computedfog density, allowing treesthat were previously
invisible, to becomevisible.

Figure2 shows how this artifact canoccurusingOpenGLfog
model.Thegrey bandshowsthevisibleregionfrom nofog to com-
pletefog. In the left diagram,Tree1 is in the fully foggedregion.
With the camerarotatedin the right diagram,Tree1 falls into the
partially foggedregion,andthusbecomevisible.

Recentadditionsto the OpenGLstandardincludethe ability to
specifytheeffective 0Z0value,or depthof avertex for thepurposes
of fog computations.Often referredto as the fog extension,this
permitssigni�cantly morecontrol over the fog generationandal-
lows effects suchas height dependentfog, but at the expenseof
providing moreper-vertex data- alreadyapotentialbottleneck,and
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.

Figure 2: Fog artifacts

Another problemwith the fog model in OpenGLis that only
renderedobjectsarefogged,leaving thebackgroundunaffected,as
shown by Figure3.

The obvious solution to this problemis to set the background
color to the fog color, but this only works for homogeneousfog,
not thefog extension,whichusuallyrequiresagradedbackground.
Thus,the standardfog modelemployed by OpenGLis somewhat
limited in its application.

Considerablework hasbeendoneto improve thesituationusing
eitherphysically-basedor appearance-basedapproaches[1] [2] [4]
[5] [6] [8] [9] [10] [11] [12] [16] [18] [19] [21] [22] [23] [25], with
theultimategoalof simulatingfully heterogeneousfog in threedi-
mensions.However, mostapproacheseithercannotachievetheper-
formancecharacteristicsrequiredfor real time applications,or re-
quiresophisticatedalgorithmsthatmustbeintegratedinto themain
renderingpipeline.

In this paperwe presenta new methodof generatingreal-time
heterogeneousfog usingpost-processingtechnique.Our algorithm
usesanalyticalfunctionsto evaluatethefog integral alongthe line
of sight,accuratelycomputingthefogdensityonaper-pixelbasisto
produceheterogeneousfog effects.It requiresonly thedepthbuffer
generatedduringthenormalrenderingprocess,makingit veryeasy
to integrateinto existing renderingapplications.Additionally, it is
alsoextremelyfast,beingimplementedentirelyon theGPU.

In the next section,we review the existing approachesfor real
time fog rendering. Section3 describesthe technicaldetails in-
cludingfog approximationin appearancebasedfog simulationand
our new algorithmwith hardwareaccelerationtechnique.Section
4 presentsthe implementationaswell asthe integrationof our al-



Figure 3: Background is not fogged

gorithm to the OpenGLrenderingpipeline. Section5 shows the
results,section6 comparesour methodwith othersandsection7
discussesourconclusionsandideasfor futurework.

2 PREVIOUS WORK

Existingwork for realisticfog renderingcanbebroadlycategorized
asphysically-basedandappearance-based.

In the physically-basedapproach,fog is consideredas a stan-
dardparticipatingmedium,andis generatedthroughglobalillumi-
nationalgorithms.To reduceexpensivecomputationalcost,simpli-
�cations aremadethroughsinglescatteringandmultiplescattering
models.In singlescattering,theparticipatingmediumisassumedto
beoptically thin, allowing thesourceradiancesimpli�cation to ig-
noremultiple scatteringwithin themedium.Analytic method[23]
hasbeenusedto solve theintegral problempresentedin thepartic-
ipating mediumwith signi�cant simpli�cation. The deterministic
method[11] [16] aimsat numericalsolutionsof thesameproblem,
for example,Zhu et al [25] applies'depthpeeling'[7] techniqueto
calculatevolumetric lighting, while the stochasticmethod[22] is
foundto beusedin cloudsinsteadof fog by applyingrandomsam-
pling to solve the equationfor the radiancereachingthe eye for
thesinglescattering.In multiple scattering,bothdeterministicand
stochasticmethodsusedherecontaintwo stages:an illumination
passfor computingthesourceradiance,andavisualizationpassfor
the�nal image.Someof thedeterministicmethods[21] extendthe
classicalradiositymethodthataccountsfor isotropicemittingand
scatteringmedium(zonal method),other improvementscan deal
with anisotropy usingsphericalharmonics[2] [10], discreteordi-
nates,or implicit representation.Stochasticmethods[6] [9] [12]
[18] solvethetransportequationby meansof randomsampling,us-
ing randompathsalongiterationpoints. In summary, while these
methodscanproducerealisticscenes,they comewith a high com-
putationalcost,even whenhardwareaccelerationis implemented,
they arenot real-time. Cerezoet al [5] providesa comprehensive
review of theparticipatingmediumrenderingtechniques.

In appearancebasedapproaches,the ideais to producevisually
pleasantresultswithout expensive global illumination determina-
tion. Perlin [19] documentedsnapshotsof thoughtssuchasusing
Gaborfunctionsfor simulatingatmosphericeffects. Biri et al [3]
[13] suggestedmodelingof complex fog througha set of func-
tions allowing analyticalintegration. Zdrojewska[26] introduced
randomnessin attenuationthroughperlin noiseandproduceshet-
erogeneouslooking fog without line of sight integral. Height de-
pendent,or layeredfog, variesthefog densitybasedon theheight
[8] [14]([19] dosenot containimplementationdetails).Mech[15]
proposedto representthegasboundaryby a polygonalsurface,us-
ing graphicshardwareto determinetheattenuationfactorfor each

pixel insideor behindthegas.Nvidia developers[17] adoptedsim-
ilar idea proposedin [15], developeda RGB-encodingtechnique
combiningwith 'depthpeeling'[7] to renderfog polygon objects
as thick volumeson GPU. The advantageof theseapproachesis
that they allow simplebut fast renderingof fog. However, Biri' s
methodis not yet fastenoughon currenthardware,andZdrojew-
ska's methoddoesnot take fog volume into account,causingin-
correctresultswhenconsideringmotion parallax,makingit more
suitedto simulatelow cloud in naturalenvironmentswithout trav-
eling throughthefog (i.e. asopposedto man-madeenvironments).
AlthoughBiri' salgorithmusedanalyticalfunctionsto approximate
the extinction coef�cient, 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 polygonvolumebasedap-
proach[15] [17] suitemorefor small volumessuchaslight shaft,
smoke, etc. An additionalconstraintimposedby many of these
techniquesis thattheproductionof thefog effectmustbeintegrated
into themainrenderingpipeline- somethingthatis notpracticalfor
many existing renderingapplications.Our new appearance-based
approachavoidsthis constraintby usingthedepthbuffer to recon-
structscenedepthinformation,while performingline-of-sightinte-
grationon the GPU usinganalyticalfunctionsandtrue Euclidean
distance.

3 TECHNICAL DETAILS

To computefog color, we needto integratealongthe ray between
thecamerapositionandthefragmentpositiongiventhefog density
function.Therearetwo mainaspectsto generatingfog usingapost
processingapproach.The �rst is to reconstructthe3D positionof
eachfragmentin the framebuffer, while thesecondis to compute
thefog basedon thefragmentandeyepositions.

3.1 3D Fragment Position Reconstruction

In orderto evaluatethe fog integral alongline of sightaccurately,
the 3D positionof eachfragmentin world coordinateneedsto be
reconstructed.Thedepthbuffer storestransformeddepthvaluefor
eachfragmentandcanbeusedto reconstruct3D fragmentposition.
Generally, mostpostprocessingapplicationsthatneeddepthinfor-
mationusespecializedshadersandalternaterendertargetsto ' lay
down' depthinformationin aform whichcanreadilybeusedin the
postprocessingstages.Thedisadvantageto this approachis that it
requiressigni�cantly more integration into the renderingapplica-
tion. It canalsoimpactperformance(requiringanextra sceneren-
deringpass)andbandwidth(requiringanextra rendertarget). For
our new approach,we usea standardpost-processingtechniqueof
drawing ascreenalignedpolygonwith customizedvertex/fragment
shaders,butusetheregulardepthbuffergeneratedaspartof thenor-
malrenderingprocessasaninputtextureinstead.Theproblemwith
thedepthbuffer is that thedepthinformationis non-linear, having
beentransformedby the modelview andprojectionmatrices.The
�rst stepis to reconstructscenedepth.A naive approachto this is
to useaninvertedmodelview/projectionmatrix,alongwith normal-
izedx andy values,to computethefull 3D fragmentpositionrela-
tive to thecamera.Oncethis is known, alongwith thepositionand
orientationof the camera,the real world positionof the fragment
canbeobtained.However, this turnsout to bequiteexpensive, so
we useanalternative, fasterapproach.The�rst stepis to compute
the depthvaluez. From an examinationof the projectionmatrix,
wecandeducethat

z=
� P34

z0

w0 + P33
(1)

where

P33 =
f + n
n� f

(2)



Figure 4: Reconstruct 3D fragment position, relative to the camera.

and

P34 =
� 2f � n

f � n
(3)

wheren is thedistanceto thenearclipping plane,and f is thedis-
tanceto thefar clippingplane.

Giventhatwe canobtain z0

w0 from thedepthbuffer, andbothP33
andP34 caneitherbecomputedbasedon knowledgeof thecamera
properties,or obtaineddirectly from theprojectionmatrix, we can
easilyconvertavaluefrom thedepthbuffer to anactualdepthvalue.
Thisalsohastheresultof reducingit to ascalaroperation,requiring
oneadditionandonedivisionperpixel.

Thesecondstepis to computetherealworld positionof thefrag-
mentbasedon this depthvalue,relative to thecamera.To do this,
we take advantageof the graphicshardware by settingup a unit
vectorin thedirectionof thefragment,usinga vertex shaderin the
postprocessing.Thehardwareautomaticallyinterpolatesthisfor us
to usein thefragmentshader, whereit is usedto generatetherela-
tive locationof thefragmentby computingthefragmentEuclidean
distancej~Uj.

j~Uj =
z

û� v̂
(4)

whereû is theunit vectorin thedirectionof thecamerato thefrag-
ment, v̂ is the unit vector in the directionof the camera,andz is
de�ned in (1). Figure4 shows 3D fragmentposition reconstruc-
tion. The3D positionof thefragmentrelative to thecamerais then
obtainedby

~U = j~Uj � û

The �nal stepis to add the position of the camerato ~U, pro-
ducing the real world 3D positionof the fragment~P, where~P =
(xf ragment ;yf ragment ;zf ragment ).

3.2 Fog Computation

3.2.1 Homogeneous Fog

Appearance-basedfog generally assumesthe scattering of a
constantambient illumination in a homogeneousnon-emitting
medium. It simpli�es the transport equation in participating
mediummodelasfollows:

L(x) = ekajx0� xjL(x0) + (1� ekajx0� xj)Le (5)

whereLe representsthe constantamountof light, L(x0) is the ra-
dianceof light at spacepoint x0, and ka being a constantas the
absorptioncoef�cient to representhomogeneousmedium.

The�rst termcharacterizesthelossof light of theobjectsurface
dueto theabsorptionof themedium.Thesecondtermdescribesthe
contributionof thescatteringwithin themedium.TheOpenGLfog

modelusesthis approximationto integratea uniform attenuation
dueto mediumabsorptionbetweentheobjectandtheviewer.

C = f �Cin + (1� f ) �Cf og

wheref = e� (density�z) , z is theeye-coordinatedistancebetweenthe
viewpoint andthe fragment,Cin is the fragmentcolor, Cf og is the
fog color. Cin mapsto L(x0), Cf og mapsto Le.

3.2.2 Layered Fog

Layeredfog extendsequation(5) to non-uniformattenuationof the
medium- f (u), basedonheightvariation.

L(x) = e�
Rf ragment

camera f (u)duL(x0) + (1� e�
Rf ragment

camera f (u)du)Le

Oncewe have the fragmentpositionin realworld coordinates,we
cancomputetheexpectedblendingof the fragmentcolor with the
fog color, basedon theamountof fog betweenthecameraandthe
fragment.To do this, we needto evaluatethe fog densityintegral
alongthecamera-to-fragmentvector. In thecaseof ahomogeneous
fog, this computationis trivial, while in thecaseof fully heteroge-
neousfog, it canbecomputationallyvery expensive. Layeredfog,
wherethefog densityf , is dependentonly on theheighty, is aspe-
cial caseof heterogeneousfog. Supposethe total fog betweenthe
camera,andthefragmentposition,is givenby theintegral F along
thecamera-fragmentvector.

F =
Z f ragment

camera
f (u)du

where f (u) is thefog densityat a 3d spaceposition.Sincethefog
densityis only dependentupony, this canbesimpli�ed:

F =
1

sin(q f ragment )

Z yf ragment

ycamera

f (y)dy (6)

whereq f ragment is the angleof inclination of the camerato frag-
ment vector, calculatedon per pixel basis,ycamera is the y coor-
dinateof the eye point in world space,and y f ragment is the frag-
menty positionin world coordinate.Figure5 shows the geomet-
ric relationshipsamongEuclideandistancej~Uj, q and the height
jyf ragment � ycameraj. We caneasilyapply j~Uj to expressequation
(6) asfollows:

F =
j~Uj

jyf ragment � ycameraj

Z yf ragment

ycamera

f (y)dy (7)

Obviously, equation(7) covertsabsorptionof a ray alongline of

Figure 5: Height Dependent Fog Computation Per Fragment

sight to its vertical componentby a scaling factor. Combining
equation(4),wede�ne layeredfog asbelow:

F =
z

û� v̂
�

1
jyf ragment � ycameraj

Z yf ragment

ycamera

f (y)dy (8)



Themethodof evaluatingthis integral dependson thefog func-
tion. Functionsthatcanbeintegratedanalyticallyaregenerallytriv-
ial to computein afragmentshader, but it canbedif�cult to achieve
realistic looking sincemostanalyticalfunctionsproduceperiodic
patternsunlessa large numberof termsareused,andthis canbe
slow to evaluate.Hardcodedfunctionscanbeusedto producecus-
tomizedfog patterns,well suitedto layeredfog. Non-analytical
functionspresentthe biggestproblem,sinceapproximationmeth-
odsrequireloopingthatseriouslydegradesperformance.Oursolu-
tion to this wasto pre-computethefog integral acrossits expected
range,storingtheresultin a texturethatcouldbeusedasa lookup
tablein thefragmentshader.

3.2.3 Heterogeneous Fog

By usinga fog densityfunctionthat is independentin eachdimen-
sion, we caneasilyextendour methodto produce3 dimensional
heterogeneousfog effects. In this case,the fog integral F canbe
modeledasfollows:

F(x;y;z) = F(x)F(y)F(z)

As with layeredfog, functionsthat canbe integratedanalytically
can be evaluateddirectly in the fragmentshader, or the integrals
canbepre-computedandstoredin 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 = e� F

althoughany suitablefunctioncanbeused.

3.2.5 Color Gradient Fog

Wecanextendthisalgorithmto evaluatefog integralsonindividual
color componentsusingdifferent fog densityfunctions. This can
be usedto producecolor variationsin fog, for example,simulat-
ing smogwhencertaincolorsarescatteredor absorbedmorethan
others. Using layeredfog asan example,the fog computationis
modeledby thefollowing:

Frjjgjjb =
z

û� v̂
�

1
jyf ragment � ycameraj

Z yf ragment

ycamera

frjjgjjb(y)dy (9)

where frjjgjjb(y) is fog densityfunction for r, g or b color compo-
nent.Thefragmentis thenblendedusingtheindividually computed
componentvaluesasfollows;

(Sr + 1� Dr ;Sg + 1� Dg;Sb + 1� Db)

where(Sr ;Sg;Sb;Sa) and(Dr ;Dg;Db;Da) arethesourceanddesti-
nationblendingfactorsrespectively.

4 IMPLEMENTATION

Our implementationis basedupon a customhierarchicalscene
managementandOpenGLbasedrenderingenginedevelopedby the
authors,althoughany OpenGLbasedrenderingengineshouldbe
suitable.Written in C++,ourapplicationprovides'hooks' into var-
iouspartsof therenderingpipeline,allowing usto easilyinsertour
postprocessingalgorithm.

The�rst stepis to renderthesceneinto theframebuffer, which
is doneby the applicationasbefore. Oncethe scenerenderingis
complete,the scenepost processingis triggeredjust prior to the
framebuffer swap. At this point, the depthbuffer is capturedus-
ing theOpenGLcopy-to-texturefunctionality. Next, thedepthcon-
versionparametersP33(equation(2))andP34(equation(3))arecom-
putedbasedon thecameraproperties.Thepostprocessingis then

initiated by drawing a screen-alignedpolygon, textured with the
depthtexture,andusingcustomvertex andfragmentshaderswrit-
tenin theOpenGLShadingLanguage.Thevertex shaderis usedto
setuptheeye-to-fragmentunit vector, de�ned in realworld coordi-
nates.This is interpolatedby thehardwarepipeline,anddelivered
to thefragmentshaderfor usein computingthefragmentposition.
The depthconversionparametersneededfor converting the depth
buffer valuesare passedto the fragmentshaderas uniform vari-
ables.Figure6 shows thestepsin ourpostprocessingimplementa-
tion, andhow it integratesinto therenderingapplication.

Figure 6: Integration of Post-processing

To blendthe fog color with the fragmentcolor, we take advan-
tage of the standardOpenGLblending functionality and simply
computean alphavalue in the fragmentshader. The output from
thefragmentshaderis a fragmentcolor consistingof theRGB fog
color, andthecomputedalpha(fog) value. Therenderingpipeline
takescareof therestof thework by blendingthefog colorwith the
existing fragmentin theframe-buffer.

Thefragmentshaderitself is relatively simple. Pseudocodefor
generatinglayeredfog is givenfor it below.

read fragment depth from 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

5 RESULTS

Thealgorithmsin this paperwereimplementedon a 2.8GHzPen-
tium IV platform,with 1GB RAM andan nVIDIA 6800graphics
card,runningLinux.

A numberof testsceneswerechosenusinga varietyof resolu-
tionsandfog functions.

The�rst testsceneFigure7, usesasimplefour point rampfunc-
tion to producea simpleheightdependent(layered)fog. The idea
behindthis fog function was to producea thin layer of fog, just
above theground.

Figure8 is anunderwaterscenethatdemonstratesanotheruseof
fog. Thissceneusesafog densitythatincreaseslinearlywith depth
to simulatetheincreasingattenuationof light in water.

Figure9, the cave scene,usesa two point fog function, with a
uniform densityup to a heighty1, thenfalling linearly to zeroat a
point y2.



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

Figure10,anothercave scene,with heterogeneousfog basedon
Perlin noisefunctions(pre-integrated)for X andZ, andan expo-
nentialfunctionfor theheight.

Figure11, theVillage scene,usesheterogeneousfog basedon 3
Perlinnoisefunctions.

Figure12 shows a selectionof scenesthatusea simplefog den-
sity function that increaseslinearly with decreasingheight. The
heterogeneousappearanceis a resultof depressionsin the terrain,
andsigni�cantly improvestheperceptionof depth.

Tests indicatedthat the cost of generatinglayeredfog effect
rangesbetween0:39 to 3:08 millisecondsfor theabove scenes,de-
pendingon the screenresolutionandcomplexity of the fog func-
tion. Themaximumscreenresolutionwas1024� 1024.

6 DISCUSSION

Sinceour techniqueis post-processing,and evaluatesthe fog in-
tegral alongthe line of sight on per pixel basis,it doesnot suffer
from the poppingeffect discussedin �gure 2, nor the background
problemshown in �gure 3. It eliminateslimitations in methods
suchasBiri' s [3], which producesnoticeableartifactsfor fog ren-
deringwhenthetexturesizeis smallcomparedto theimagesize,or
compromisedperformanceif a larger texture is used. To enhance
theheterogeneousappearanceof the fog rendering,we applyPer-
lin noisefunctionsinsteadof equipotentialfunctionsusedfor local
re�nementby Biri et al. Our methodcanalsoeasilysimulatethe
effectsof wind to animatethefog by providing timedependentoff-
setswhenevaluatingthefog integrals.

7 CONCLUSION AND FUTURE WORK

In this paperwe demonstratea new, �e xible andef�cient method
of generatingadvancedfog effects in real time. We apply post-
processingtechniquesin the GPU to producenaturallooking het-
erogeneousfog using Euclideanfragmentdistancereconstructed
from thedepthbuffer. Sincethe implementationrequiresonly the
normal depthbuffer as input, we avoid the needfor customized
shadersin the standardrenderingpipeline,makingit very easyto
integrateinto existingrenderingapplications.In summary, ourcon-
tribution includesthefollowing attributes:

� Accuratescenedepthreconstructionfrom thedepthbuffer.

Figure 8: Underwater Adventure

� Accurate3D fragmentpositionreconstructionin world space
from scenedepth.

� An easilyintegratedGPUbasedpost-processingtechniquefor
realtime framerates.

� RealisticHeterogeneousfog andextensionof color gradient
fog.

Our methodmakesthe assumptionof independentfog densityon
threedimensions.In future work, we needto solve arbitrary fog
densityintegral problemincludingcorrelationsacrossdimensions,
andextendthis techniqueinto aglobalilluminationmodel.
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