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Abstract

Corventional vision systemsare designedto perform in
clear weather However, any outdoor vision systemis in-
completewithout medanismsthat guaranteesatisfactory
performanceunder poor weatherconditions. It is known
that the atmosphez can significantly alter light enegy
reacing an observer Theefore, atmosphericscattering
modelsmustbe usedto male vision systemsobustin bad
weather In this paper we developa geometricframevork
for analyzingthe chromatic effectsof atmosphericscatter
ing. First, we studya simplecolor modelfor atmospheric
scatteringand verify it for fog and haze Then,basedon
the physicsof scattering we derive several geometriccon-
straints on scenecolor changes, causedby varying atmo-
sphericconditions. Finally, usingtheseconstrints we de-
velop algorithmsfor computingfog or hazecolor, depth
segmentation,extracting three dimensionalstructue, and
recovering “true” scenecolors, from two or more images
takenunderdifferentbut unknownweatherconditions.

1 Vision and Bad Weather

Currentvision algorithmsassumethat the radiancefrom a
scenepoint reacheghe obserer unaltered. However, it is
well known from atmospherighysicsthat the atmosphere
scatterdight enegy radiatingfrom scengooints. Ultimately,
vision systemamustdealwith realisticatmosphericondi-
tions to be effective outdoors. Several modelsdescribing
thevisualmanifestation®f the atmosphereanbefoundin
atmospherioptics(see[Mid52], [McC75). Thesemodels
canbeexploitedto notonly remove badweathereffects,but
alsoto recovervaluablescenenformation.

Surprisingly little work hasbeendonein computervision
on weatherrelatedissues. Cozmanand Krotkov[CK97]
computeddepthcuesfrom iso-intensitypoints. Nayarand
NarasimhaiNN99] usedwell establishe@tmosphericcat-
tering models,namely attenuationand airlight, to extract
completescenestructurefrom one or two images, irre-
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spectve of sceneradiances.They alsoproposed dichro-
matic atmosphericscatteringmodel that describeghe de-
pendencenf atmosphericscatteringon wavelength. How-
ever, thealgorithmthey developedo recover structureusing
this model,requiresa cleardayimageof thescene.

In this paperwe developagenerabthromaticframenork for
theanalysisof imagegakenunderpoorweatherconditions.
Thewide spectrunof atmospheriparticlesmakesageneral
studyof vision in badweatherhard. So,we limit oursehes
to weatherconditionsthatresultfrom fog andhaze.We be-
gin by describingthe key mechanism®f scattering.Next,
we analyzethe dichromaticmodelproposedn [NN99], and
experimentallyverify it for fog andhaze. Then,we derive
severalusefulgeometricconstrainton scenecolor changes
dueto differentbut unknownatmosphericonditions. Fi-
nally, we develop algorithmsto computefog or hazecolor,
to constructdepthmapsof arbitraryscenesandto recover
scenecolorsasthey would appeaon a clearday: All of our
methodsonly requireimagesof the scenetaken undertwo
or morepoorweatherconditions,andnotacleardayimage
of thescene.

2 Mechanismsof Scattering

Theinteractionf light with theatmosphereanbebroadly
classifiedinto threecateyories,namely scatteringabsorp-
tion and emission. Of these,scatteringdue to suspended
atmospheri@articlesis mostpertinentto us. For a detailed
treatmenf the scatteringpatternsandtheir relationshipto
particleshapesandsizeswe referthereadeto theworksof
[Mid52] and[Hul57]. Here,we focusonthetwo fundamen-
tal scatteringphenomenanamely airlight and attenuation,
which form the basisof our framework.

2.1 Airlight

While observingan extensive landscapewe quickly notice
thatthe scenepointsappeaiprogressiely lighter asour at-
tentionshifts from the foregroundtoward the horizon. This
phenomenorknown asairlight (see[Kos24), resultsfrom
the scatteringof ervironmentallight toward the obserer,
by the atmospherigarticleswithin the obsenrer’s coneof
vision.



The radianceof airlight increasesith pathlengthd andis
givenby (see[McC75 and[NN99)),

L(d, \) = Loc(\)(1 — e PNy | 1)

B()\) is called the total scatteringcoeficient and it repre-
sentgtheability of avolumeto scatterflux of agivenwave-
length ), in all directions.3(\)d is calledthe opticalthick-
nesdor thepathlengthd. L., (1)) is known asthe“horizon”
radiance. More precisely it is the radianceof the airlight
for an infinite pathlength. As expected the airlight at the
obserer(d = 0) is zero.

Assuminga camerawith a linearradiometricresponsethe
imageirradiancedueto airlight canbewrittenasFE(d, \) =
gLoo(N) (1 — e=#N4) 'whereg accountdor thecamergpa-
rametersSubstituting

we obtain

E(d,\) = Eso(A)(1 — e PNy (3)

2.2 Attenuation

As alight beamtravelsfrom ascengointthroughtheatmo-
spherejt getsattenuatediueto scatteringby atmospheric
particles.The attenuatedlux thatreachesanobsenerfrom
a scenepoint, is termedas direct transmissionfMcC75.
Thedirecttransmissiorfor collimatedlight beamsds given
by Bouguers exponentialaw[Bou3Q:

E(d,\) = g Lo(\)e PN (4)

where E(d, \) is the attenuatedrradianceat the obserer,

and Lo()\) is theradianceof the scenepoint prior to atten-
uation. Again, g accountdor the cameraparametersAl-

lard’s law[AllI76] modifiesthe above model for divergent
light beamdrom pointsourcesas

Iy(A)e I

E(d:/\)ngv

®)
where Iy()\) is the radiantintensity of the point source.
In the subsequensections,we usethe terms“attenuation
model” and“direct transmissionimodel”, interchangeably

2.3 Overcast Sky Illumination

Allard’sattenuatioimodelis in termsof theradiantintensity
of a point souice. This formulationdoesnot take into ac-
countthesky illumination andits reflectionby scengoints.
We male two simplifying assumptionsegardingthe illu-
minationreceved by a scenepoint. Then,we reformulate
the attenuatiormodelin termsof sky illumination andthe
BRDF of scenepoints.

Usually, the sky is overcast under foggy conditions.
So we use the overcast sky model for ervironmental
illumination[GC6d[MS42. We alsoassumehatthe irra-
dianceat eachscenepoint is dominatedby the radianceof
the sky, andthatthe irradiancedueto otherscenepointsis
not significant. In AppendixA, we have shavn thatthe at-
tenuatedrradianceattheobsenreris givenby,

Loo(A) 7 e PVd

B(d)) =g =220

(6)
where L, () is the horizonradiance.r representshe sky
aperturgtheconeof sky visible from ascengoint),andthe
reflectanceof the scenepointin the directionof the viewer.
From(2), we have

Eoo(N\) e #Nd

E(d,\) = =

(7

The above expressiorfor the directtransmissiorof a scene
point includesthe effects of sky illumination and the re-

flectanceof the scenepoint. In the remainderof the paper
we referto (7) asthedirecttransmissiormodel.

3 Dichromatic M odel

Hitherto, we have describedattenuatiorand airlight sepa-
rately At night, therecanbe no airlight (sincethereis no
environmentalillumination) and hence,attenuationdomi-
nates.In contrastunderdensefog or hazeduring daylight,
the radiancefrom a scenepoint is severely attenuatedand
henceairlight dominates.However, in mostsituationsthe
effects of both attenuationand airlight coexist. Here, we
discusshe chromaticeffectsof atmosphericscatteringhat
includebothattenuatiorandairlight.

Nayar and NarasimhaNN99] derived a color model for
atmosphericscatteringcalled the dichromaticatmospheric
scatteringnodel. It stateghatthe color of a scenegpointun-
derbadweatheris alinear combinationof the directtrans-
missioncolor (as seenon a clearday, whenthereis mini-
mal atmospheriscattering) andairlight color (fog or haze
color).

Figurel illustratesthe dichromaticmodelin R-G-B color
space.Let E betheobsenedcolor vectorfor a scenepoint
P, onafoggy or hazyday Let the unit vectorD represent
the directionof directtransmissiorcolor of P. Let the unit
vectorA representhe directionof airlight color. Then,we
canwrite

E=pD+¢A, 8
wherep is themagnitudeof directtransmissionandg is the
magnitudeof airlight of P.

For thevisible light spectrumthe relationshipbetweerthe
scatteringcoeficient 3, andthe wavelength), is given by
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Figure 1: Dichromaticatmosphericscatteringmodel. The color
E of ascengoointonafoggy or hazyday is alinearcombination
of thedirectionD of directtransmissiorolor, andthedirectionA
of airlight color.

Rayleighslaw:
constant

b= (©)
wherey € [0, 4]. Fortunatelyfor fog andhaze,y =~ 0 (see
[Mid52], [McC75]). In thesecases,3 doesnot dependon
wavelength. So, we drop the parameter\ from the airlight
modelin (3) andthedirecttransmissionrmodelin (7). Then,
we can write the coeficientsp and ¢ of the dichromatic
modelas,

Erefd
= 5
This implies that the dichromaticmodel s linear in color
space.In otherwords,D, A andE lie on the samedichro-
maticplanein color space Furthermorethe unit vectorsD
and A, do not changedueto differentatmosphericondi-
tions. Thereforethecolorsof ascengoint P, obsenedun-
derdifferentatmosphericonditions lie on a singledichro-
maticplane,asshown in figure2.

P , q=FEx(1—e 9. (10)

/ Dichromatic Plane

Figure 2: The obsered color vectorsE; of a scenepoint under
different(two in this case)foggy or hazyconditionslie on aplane
calledthedichromaticplane.

Nayar and NarasimhafNN99] did not extensiely verify
their modelfor realimages. Sinceour framework is based
on this model, we experimentallyverified the modelin R-
G-B color space. Experimentswere performedusing two

Scene | Error (degrees)
Foggy 0.25
Hazy 0.31

Table 1: Experimentalerificationof the dichromaticmodelwith

two scenesmagedunderthreedifferentfoggy and hazy condi-
tions, respectiely. The errorwascomputedasthe meanangular
deviation (in degrees)of the obseredscenecolorvectorsfrom the
estimatedlichromaticplanespverall 800 x 600 pixelsin theim-

ages.

scenegqseefigures6(a) and (c)) underthreedifferentfog
andhazeconditions.Theimagesusedwereof size800 x 600
pixels. Thedichromaticplanefor eachpixel wascomputed
by fitting a planeto the colorsof thatpixel, obsenedunder
the threeatmosphericonditions. The error of the plane-fit
was computedn termsof the anglebetweenthe obsened
color vectorsandthe estimateglane.Theaverageerror (in
degrees)or all thepixelsin eachof thetwo sceness shavn
in tablel. The smallerrorvaluesindicatethatthe dichro-
maticmodelindeedworkswell for fog andhaze.

4 Computing the Direction of Airlight Color

The directionof airlight (fog or haze)color canbe simply

computedy averaginga patchof thesky onafoggyor hazy
day, or from scenepointswhosedirecttransmissiortoloris

black!. Thesemethodsnecessitateither (a) the inclusion

of apartof thesky (whichis moreproneto color saturation
or clipping) in the imageor (b) a clearday imageof the

scenewith suficientblack pointsto yield a robustestimate
of thedirectionof airlight color. Here,we presentamethod
thatdoesnot requireeitherthe sky or a cleardayimage,to

computethedirectionof airlight color.

Figure3 illustratesthe dichromatic planesfor two scene
points P; and F;, with differentdirect transmissiorcolors
D andDW). Thedichromatiplanesy; andQ; aregiven
by theirnormals,

N, =E{ xEY,
N, =EY) x E{) . (11)
Sincethe direction A of the airlight color is the samefor
theentirescenejt mustlie on the dichromaticplanesof all
scenepoints. Hence,A is given by the intersectionof the
two planes; andQ;,

- N; x N
A= """ (12)
NG x N

1sSky andblackpointstake onthecolor of airlight on abadweatheday
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Figure 3: Intersectionof two differentdichromaticplanesyields
thedirectionA of airlight color.

In practice sceneave severalpointswith differentcolors.
Therefore we cancomputea robustintersectionof several
dichromaticplanesby minimizing the objective function
e=>Y (N.A)?. (13)
7
Thus,we areableto computethe color of fog or hazeusing
only the obsenred colorsof the scenepointsundertwo at-

mosphericonditions,andnot relying on a patchof the sky
beingvisible in theimage.

We verified the above methodfor the two sceneshaowvn in

figures6(a) and(c). First,thedirectionof airlight colorwas
computedusing(13). Then,we comparedt with thedirec-
tion of the airlight color obtainedby averagingan unsatu-
ratedpatchof the sky. For the two scenesthe angularde-
viationswerefoundto be1.2° and1.6° respectrely. These
smallerrorsin the computeddirectionsof airlight color in-

dicatetherobustnes®f the method.

5 Iso-depth Scene Points

In thissectionwederive asimpleconstrainfor scengoints
thatareatthe samedepthfrom theobsenrer. This constraint
canthenbeusedto segmentthe scenebasecn depth,with-

out knowing the actualreflectancesf the scenepointsand
their sky apertures.For this, we first prove the following

lemma.

Lemmal Ratiosof thedirecttransmissiormagnitudesfor
pointsundertwo different weatherconditionsare equal, if
and only if the scenepoints are at equal depthsfrom the
observer

Proof: Let 5; and 3> betwo unknonvn weatherconditions
with horizonbrightnessvaluesE,,, and E,,. Let P, and
P; be two scenepoints at depthsd; andd;, from the ob-
sener. Also, let 7 andr) represensky aperturesand
reflectancesf thesepoints.

Q(P)

Figure 4: Theratio p2 / p1 of thedirecttransmissiongor a scene
pointundertwo differentatmosphericonditionsis equalto thera-
tio | E2A¢|/| E1 0| of the parallelsides.Shadedrianglesaresimi-
lar.

From (10), the directtransmissiormagnitudef P; under
(1 and(3», canbewrittenas

(i) _ Boo,mVe” 1
b= - 2

(14)

Similarly, the direct transmissiormagnitudesof P; under
(51 and(s, are

p(]) _ Eoolfr(j)e_ﬁldj
e A
dj
. E_ (i) e—Bd;
e (15)
J
Then,weimmediatelyseethattherelation:
() (9)
Py — by~ — Loy e*(ﬂz*ﬁl)d (16)
p(i) (9) E ’
1 by 1

holdsif andonly if d; = d; = d. So,if we have theratio
of directtransmissiongor eachpixel in theimage,we can
groupthesceneointsaccordingo theirdepthdrom theob-
sener. Buthow dowe computehisratiofor any scengoint
withoutknowing theactualdirecttransmissiomagnitudes?

Considerthe dichromaticplanegeometryfor a scenepoint
P, asshawn in figure (4). Here,we denotea vectorby the
line sgmentbetweernits endpoints. Let p; andp, bethe
unknown directtransmissiomagnitude®f P unders; and
B2, respectiely. Similarly, let ¢; and g2 be the unknavn
airlight magnitudegor P under3; and ..

We defineanairlight magnitudg O A;| suchthat

oA, | EiO. (17)



Also, sincethe directionof directtransmissiorcolor for a
scenepoint doesnot vary dueto differentatmosphericon-
ditions, B, A; || E2 A, . Here A; and A, correspondo the
endpointsof theairlight magnitude®f P unders; andgs,
asshavnin figure(4). Thus,AE10A; ~ AE;A A5 . This
implies,

P2 _ @2 — |OA _ |En Ay

D1 B q1 B |E1O| '

(18)

Sincetheright handsideof (18) canbe computedusingthe
obsenedcolorvectorsof thescengoint P, we cancompute
theratio (p2 / p1) of directtransmissiormagnitudedor P

undertwo atmosphericonditions.Thereforefrom (16), we

have asimplemethodto find pointsatthe samedepth,with-

out having to know their reflectancesndsky apertures A

sequentialabelinglik e algorithmcanthenbe usedto effi-

ciently sggmentscenesnto regionsof equaldepth.

6 Scenestructure

We extendthe directtransmissiorratio constraintgivenin
(16) onestepfurther andpresenta methodto constructthe
completestructureof an arbitrary scene from two images
takenunderpoorweatherconditions.

From(16), theratio of directtransmissionsf a scenepoint
P undertwo atmosphericonditions,s givenby

P2 _ Booy —(5,-p1)a

o E (29)

Note that we have alreadycomputedthe left handside of
theabove equatiorusing(18). Takingnaturallogarithmson
bothsideswe get

e pa=in(2) - ()

So, if we know the horizon brightnessvalues, E,, and
E..,, thenwecancomputehescaleddepth(5, — 31 )d at P.
In fact, (82 — (31)d is the Differencein Optical Thicknesses
(DOT) for the pathlengthd, underthe two weathercondi-
tions. In the atmospheriopticsliterature,thetermDOT is
usedasa quantitatve measureof the “change”in weather
conditions.

(20)

6.1 Estimation of E,, and E,

The expressiorfor scaleddepthgivenin (20), includesthe
horizonbrightness/alues,F,, andE,,. Thesetwo terms
areobservablesnly if somepartof thesky is visible in the
image. However, the brightnessvalueswithin the region
of the image correspondingo the sky, cannotbe trusted
sincethey are proneto intensity saturationand color clip-
ping. Here,we estimateF,, andE ., usingonly pointsin
the“non-sky” region of thescene.

Let g1 andgs denotethe magnitudeof airlight for a scene
point P underatmospheriaconditions3; and 3,. Using

10), we have
( ) q1 = EOOl(l - eiﬁld) )

@2 = FE,(1— e_ﬁzd) . (21)
Therefore,
Booy =2 _ Foos —(g-p1)a
= e \W2rPue. 22
Eoo1 —q1 Eoo1 ( )

Substituting(19), we canrewrite the above equationas

2 2 —C
(%) = T @3)
where,
¢ Fu, (p_> B, (24)
p1
Comparing (23) and (18), we get ¢ = [|OA;| (see

figure(4)). Hence,(24) represents straightline equation
in theunknowvn parametersko,, andEo., .

Now considerseveral pairs of {c®, (p{” /p{")} corre-
spondingto scenepoints P;, at differentdepths. Then,the
estimatiorof E.,, andE«., is reducedo aline fitting prob-
lem. Quite simply, we have shavn thatthe horizonbright-
nessesinderdifferentweatherconditionscanbe computed
usingonly non-sky scenepoints.

Sinceboth the termson the right handside of (20) canbe
computedor every scenepoint, we have asimplealgorithm
for computingthe scaleddepth at eachscenepoint, and
hencethe completescenestructure from two badweather
images.

6.2 Experimental Results

We now presentresultsshaving scenestructurerecovered
from bothsyntheticandrealimages.Thesyntheticscenewve

usedis shavn ontheleft sideof figure5(a) asa 200 x 200

pixel imagewith 16 color patches.The colorsin this im-

agerepresenthe directtransmissioror “true” colorsof the
scene. We assigneda randomdepthvalue to eachcolor

patch. The rotated3D structureof the sceneis shavn on

the right side of figure5(a). Then,two differentlevels of

fog (81 = 1.0, 5> = 1.5) wereaddedto the syntheticscene
accordingto the dichromaticmodel. To testrobustnessye

addednoiseto the foggy images. The noisewasrandomly
selectedrom a uniformly distributedcolor cubeof dimen-
sion 10. The resultingtwo foggy (and noisy) imagesare
shavn in figure5(b). Thestructureshawvn in 5(c) is recovr-

eredfrom thetwo foggy imagesusingthetechniquewe de-
scribedabove.

Simulationswere repeatedor the scenein figure5(a) for
two relative scatteringcoeficient values(31 /52), andfour



Figure 5: (a) Ontheleft, a200 x 200 pixel imagerepresenting
syntheticscenewith 16 color patchesandon theright, its rotated
3D structure(b) Twolevelsof fog (81 = 1.0, B2 = 1.5) areadded
to thesynthetidmageaccordingo thedichromaticmodel. To test
robustnessnoiseis addedby randomselectionfrom a uniformly
distributedcolorcubeof dimensiorl0. (¢) Therecoveredstructure
(3 x 3 medianfiltered). Refer to [Web00] for version with color

images.

Noise(n) 0 5 10 15
Estimatedt,, | 100 | 108.7 | 109.2 | 119.0
EstimatedE,, | 255 | 262.7 | 263.6 | 274.0
DepthError (%) | 0.0 | 7.14 | 11.7 | 15.3

Actual Values{ 1 /52, Ex, , Ex, } = {0.5,100,255}
(a)

Noise(n) 0 5 10 15
EstimatedE, | 200 | 204.3 | 223.7 | 249.5
EstimatedE,, | 400 | 403.8 | 417.5 | 444.2
DepthError (%) | 0.0 | 12.3 | 15.3 | 17.8

Actual Values{ 51 /52, Exo, , Ex, } = {0.67,200,400}
(b)

Table 2: Simulationsvererepeatedor thescenen figure 5(a), for
two setsof parameteralues(shavn in (a) and (b)), andfour dif-
ferentnoiselevels. Noisewasrandomlyselectedrom a uniformly
distributedcolor cubeof dimension;.

(d)

Figure 6: (a) A sceneimagedundertwo differentfoggy condi-
tions. (b) Computeddepthmapof the sceneusingthetwo images
in (a). (¢) Anothersceneémagedundertwo differenthazycondi-
tions. (d) Computeddepthmapof the sceneusingthetwo images
in (c). See[Web00] for version with color images.

different noise levels. Once again, the noise was ran-
domly selectedrom a uniformly distributed color cubeof
dimensionn. Table2(a) shaws resultsof simulationsfor
the parameteset{31 /52, Foo,, Foo, } = {0.5,100,255},
while 2(b) shaws the resultsfor the set{0.67, 200,400} .
The computedvaluesfor E,,, E,, andthe percentage
RMS error in the recoveredscaleddepths,computedover
all 200 x 200 pixels are given. Theseresultsshav that
our methodfor recoveringstructureis robustfor reasonable
amountsof noise.

Experimentsvith two realscenesinderfoggy andhazycon-
ditionsareshown in figure 6. Theseexperimentsarebased
on imagesacquiredusing a Nikon N90s SLR cameraand
a Nikon LS-2000slide scanner All imagesarelinearized
usingtheradiometricresponseurve of theimagingsystem



thatis computedoff-line usinga color chart. The first of
thetwo scenesvasimagedundertwo foggy conditions and
is shavn in 6(a). The secondscenewasimagedundertwo
hazy conditionsas shavn in 6(c). Figures6(b) and 6(d)
shav the correspondingecovereddepthmaps.

7 True Scene Color

As we statedin the beginning of the paper mostoutdoor
vision applicationgperformwell only underclearweather
Any discernibleamountof scatteringdueto fog or hazein
the atmospherehindersa clearview of the scene.In this
sectionwe computethedirecttransmissioror “true” colors
of theentirescenaisingminimala priori scenanformation.
For this, we shaw that, given additionalsceneinformation
(airlight or direct transmissionvector) at a single point in
thescenewe cancomputehetruecolorsof theentire scene
from two badweatherimages.

Considerthedichromaticmodelgivenin (8). The obsered
color of ascengooint P; underweathercondition is,
E® = p0 DO 4 40 A (25)
wherep(?) is the directtransmissiormagnitudeandq® is
theairlight magnitudeof P;. Suppos¢hatthedirectionD(?)
of directtransmissiorcolor for a single point P; is given.
BesidesthedirectionA of airlight colorfor theentirescene
canbeestimatedising(13). Thereforethe coeficientsp(?)
andq® canbecomputedusing(25). Furthermoretheopti-
calthickness3d; of P; canbecomputedrom (10).

Sincewe have alreadyshavn how to computethe scaled
depth of every scenepoint (see(20)), the relative depth
d; / d; of ary otherscenepoint P; with respectto P; can
be computedusing the ratio of scaleddepths. Hence,the
optical thicknessandairlight for the scenepoint P;, under
thesameatmosphericonditionaregivenby

Bd; = Bd; (d; / d;) ,

qV) = Eoo(1 — e P, (26)

Finally, the direct transmissiorcolor vectorof P; canbe
computedasp?) DU = EW — ¢() A . Thus,givena sin-
gle measuremer(in this case the directionof directtrans-
missioncolor of a single scenepoint), we have shavn that
thedirecttransmissiomndairlight colorvectorsof any other
point,andhencetheentirescenecanbe computed But how
do we specifythetrue color of any scenepoint without ac-
tually capturingthe cleardayimage?

For this, we assumehatthereexists atleastonescenepoint
whosetruecolor D lies onthe surfaceof the color cubeand
we wish to identify suchpoint(s)in the scene. Consider
the R-G-B color cubein figure(7). If the true color of a
scenepoint lies on the surfaceof the color cube,thenthe
computed; is equalto theairlight magnitudey of thatpoint.

Figure 7: The obsered color E of a scenepoint, its airlight di-
rectionA andtruecolor directionD areshawn in the R-G-B color
cube.q is thedistancerom E to a surfaceof the cubealongneg-
ative A.. For scenepointswhosetrue colorsdo notlie on thecube
surface,q is greaterthanthetrueairlight magnitude;.

Figure 8: True colorimagesrecoreredusingthe two foggy and
hazyimagesshavn in figure6(a) and(c) respectiely. Thecolors
in the dark window interiors are dominatedby airlight and thus
their true colorsareblack. Theimagesarebrightenedor display
purposesSee [Web00] for the version with color images.

However, if the true color of the point lies within the color
cube thenclearlyg > q. For eachpoint P;, we computej(?)
andopticalthickness@hﬂi. Notethat@i may or may not
be the correctoptical thickness. We normalizethe optical
thicknessesf thescenguointsby their scaleddepthso get
~ prd;
“ (B2 — Br)di @

For scenepointsthatdo notlie onthecolor cubesurface q;
is greaterthanwhatit shouldbe. Sincewe have assumed
thatthereexists atleastone scenepoint whosetrue color is
onthe surfaceof the cube,it mustbethe point thathasthe
minimuma;. So,§*) of thatpointisits trueairlight. Hence,
from (26), theairlightsandtruecolorsof theentirescenecan
be computedvithout usinga cleardayimage.

Usually in urbansceneswindow interiors have very little
colorof theirown. Theirintensitiesaresolelydueto airlight
andnotdueto directtransmissionln otherwords,theirtrue
color is black (the origin of the color cube). We detected
suchpointsin the sceneusingthe above techniqueandre-
coveredthe true colors of two foggy andhazyscenegsee
figure(8)).



8 Conclusion

In this paper we presented generalchromaticframework

for scenaunderstandingnderbadweatherconditions.Note

that corventionalimage enhancementechniquesare not

useful here sincethe effects of weathermust be modeled
usingatmospheriscatteringprinciplesthatarecloselytied

to scenedepth. We basedour work on the simpleyet use-
ful dichromaticmodel. Several usefulconstrainton scene
color changeslueto differentatmosphericonditionswere
derived. Using theseconstraintswe developedsimple al-

gorithmsto recoverthethreedimensionaktructureandtrue

colorsof scenesfromimagegakenundemoorweatheicon-

ditions. Thesealgorithmsweredemonstratedbr both syn-

theticandrealscenes.
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A Direct Transmission under Overcast Skies

We presentananalysisof the effect of sky illuminationand
its reflectionby a scenepoint, on the direct transmission
from the scenepoint. For this, we make two simplifying
assumption®n the illumination receved by scenepoints.
Usually, the sky is overcastunderfoggy conditions.Sowe
usethe overcastsky mode[GC64 for environmentalillu-
mination. We alsoassumehattheirradianceof eachscene

Figure 9: Theillumination geometryof a scenepoint P with sur
facenormalii. Theirradianceof P is dueto theairlight radiance
of its sky apertureQ).

pointis dominatedby the radianceof the sky, andthatthe
irradiancedueto otherscengpointsis not significant.

Considettheilluminationgeometryshovnin figure (9). Let

P beapoint on a surfaceandn beits normal. We define
the sky apertuie 2 of point P, asthe coneof sky visible

from P. Consideraninfinitesimalpatchof the sky, of size
00 in polarangleandd¢ in azimuthasshawn in figure(9).

Let this patchsubtenda solid angledw at P. For overcast
skies, Moon[MS42 and GordofGC66 have shavn that
the radianceof the infinitesimal cone (2, in the direction
(0, ¢) is givenby L(0, ¢) = Loo(A)(1 + 2cos6)éw, where
ow = sind 60 §¢. Hence theirradianceat P dueto theen-
tire aperture?, is givenby

= [ [ Eat

wherecosf accountdor foreshorteningHor84dl. If R isthe
BRDF of P, thentheradiancerom P towardthe obsener
canbewrittenas

0=

where f(0) = (1 + 2cosb) cosf sinb. Let o be the pro-
jection of a un|t patcharound P, on a plane perpendicu-
lar to the viewing direction. Then, the radiantintensity of
P is givenby Iy(\) = o Lo()). Since Lo (A) is a con-
stantwith respectto 6 and ¢, we canfactorit out of the
integral and Write conciselyas In(A\) = Loo(N)r, where
r=o [[,f( ,¢)df d¢. This term r represents
the sky apertureandthe reflectancen the directionof the
viewer. Substitutingfor Ip()\) in the direct transmission
modelin (5), we obtain

1+ 2co0s0) cosb sinf df dp, (28)

R(0,¢)db do, (29)

Loc(N)r e PN

d? '
We have thusformulatedthe direct transmissiormodelin
termsof overcastsky illuminationandthereflectancef the
scengooints.

E(d,\) = (30)



