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ABSTRACT

To describethe directionalreflectancecharacteristicof a
specularlyeflectingroughsurface K.E. TorranceandE. Spar
row developeda BRDF model basedon geometricaloptics.
In this study their modelis confirmedby a ray-tracing-like
simulation, using the sameassumptionssin the analytical
derivation. We also presenta simple empiricalfunction that
captureghe basicfeaturesof the analyticalmodelquite well
andhasbeenusedsuccessfullyin BRDF inversionproblems
includingsurfacedik e roof caver materialsandgrasscanoyy.

INTRODUCTION

The ‘Bidirectional ReflectanceDistribution Function’ BRDF
asdefinedby [1] is commonlyusedto describethe bidirec-
tional reflectancef diffuselyscatteringsurfaces:

_ dLr(gzv ¢z’a 07‘7 ¢7‘)
fr(aza¢z79ry¢r) = dEZ(gz,()bz)
(L = radiance,F = irradiance,index r = reflected;i = in-
cident,# = zenithangle,¢ = azimuthangle.) In the caseof
aperfectspecularscatteringsurface ,the BRDF becomesnfi-
nite in the speculardirectionandthusdifficult to use. How-
ever, in remotesensingperfectly scatteringsuriacesare very
rare. Usuallythe scatteringsurfacesarenot perfectlysmooth,
so the reflectedradianceis not scatterednto one direction
only. This makesthe reflectancecharacteristicef the spec-
ular surfacedescribabléy the BRDF without having to deal
with infinities. Torranceand Sparrav [2] developeda model
(called TS modelin the following) to describethe specular
peak of rough surfaces. This modelis still usedin mod-
ern applications[3]. In this paperwe confirm the model by
numericalray-tracing-like simulationsand presenta simple
empiricalfunctionto describethe BRDF of a speculampeak.
Thisfunctioncaneasilybeusedin BRDF inversionproblems.

BRDF OF A ‘PERFECT SPECULARPEAK

We definethe angley asthe anglerelative to the speculardi-
rection(seefig. 1):

(1)

¥ = cos™!(—sin §; sin 8, cos ¢ + cos §; cos b))
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(2)

In the speculardirection (§; = 6,,¢ = 180°)¢ = 0°, at
e.g.(f; = 40°,0, = 50°,¢ = 180°) oneobtainsy = 10°.
The mathematicallycorrectform of a ‘perfect’ speculapeak
is adeltafunction: f,. o §(3). In this sectiona continuous
function (without infinite valuesasin §(«)) for the specular
peakwill bedevelopedphenomenologically

Fig.1: Definition of the anglesin the principal plane The
thick line indicatesthe light beamwith an incident zenith
angled; anda view zenithangled,.. Therelativeangleto the
speculardirection (6, = 6;) is ¢». Thesurfacepatchesof the
V-cavityhaveaninclination c.

A changein 6, will changethe areaseenby the sensory

afactorof —1— (or 15, asé; = 6, in the speculardirec-

cos 6;’

tion). As for ary surface,theirradiancebecomed for zenith
anglestowardsé; = 90°, thewell known cosinedependence
(E; = wL;cosB;). As aperfectspecularsurfacereflectsall
theirradiancethereflectedradiancel, alsohasto be propor
tionalto L; cos 6;.

Thedeltafunctionwill beapproximatedhereby a Gaussian
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exponentialfunction — . To obtaina very sharp

o
peak,o hasto be chosenvery small, the normalizationcon-
stantbecomewerylarge. Theresultingfunctionhastheform
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This function does not obegy Helmholtzs theorem of
reciprocity (changing the angles of incidence and re-
flection changesthe BRDF). We substituted the term
o With \/ﬁ In the case of a very sharp
peak, this yields the same BRDF as before, because
#; =~ 6, for all BRDF values not equal to zero.

TORRANCE-SRRROW MODEL

For roughsurfaces the speculampeakis not centeredaround
the directiond, = #6;, but shifted towardslarge zenith an-
gles.[2] proposeda BRDF modelbasedngeometricabptics
explaining this shift. They assumedhatthe surfaceconsists
of specularlyreflecting V-cavities of infinite length (this in-
consisteng hasbeencritized by [4] recently but the model
proposedy [4] yields similar results,so the approactof [2]
seemgo be a goodapproximation).n thefollowing, we will
nottreatthe diffusecomponenof the TS modelbut focuson
thespeculapartonly.

Thedistribution of theinclinationsof the surfacepatchess
assumedo be Gaussiary TS. This producesa speculapeak
of Gaussiarshape For largezenithanglesmaskingandshad-
owing will influencethe contrikution of the surface patches
to the specularpeak. This is accountedfor by a so-called
'Geometric-Attenuation-Functiorz. The Fresnereflectance
Fis a function of the complex index of refractions andthe
angleof incidenceof the specularlyreflectingsurfacepatch.
Thisyieldsthefollowing relationfor the BRDF of the specu-
lar peak:

F (603,07, %) - G(6:,0r, ¢) - e
cos 0; cos b,

fr o (4)

wherea = «a(6;, 6., ¢) is theangleof the speculareflecting
surfacepatchnormalto nadirandg is a constantetermining
theintensityof thespeculareflection.

The function is plottedfor several anglesin fig. 2. It can
be seenthat even for moderatelyrough surfaces(c = 0.05)
the speculapeakis notlimited to theideal speculadirection
(0; = 6,,¢ = 180°). E.g.atnadirviewing (¢, = 0°) andan
incidentzenithangleof §; = 45° theintensityof the specular
peakis still about20 % of its valueatideal speculadirection.

RAY-TRACING VALID ATION

We have confirmedtheabose modelby aray-tracing-like sim-
ulationasusedin [5]. Thesimulationpredictsnumericallythe
BRDF of a surfaceof one-dimensionaloughnesgin this case
parallelV-cavities). It accountsxactly for maskingandshad-
owing for singlescattering.The BRDF of the surfacepatches
is neededsinputfor oursimulationprogram.We usedaspec-
ular peakof theform describedn (3). Forc = 0.01 deg~! and
c = 0.05deg~! wesets = 0.07°, forc = 0.15deg~! (avery
smoothsurface)we seto = 0.03° (correspondindo aneven
sharpemeak). The FresnelreflectanceF’ wastaken ascon-
stant.

[2] arrangedthe surface patchesin V-cavities of infinite

length. We summedup the reflection contrikutions pre-
dicted by the simulationprogramfor every possibleinclina-
tion (zenithanglea) andorientation(azimuthangle®) of the
V-cavities weightedby theinclination distribution of the sur
facepatchesaccordingto [2]. Thisway we simulatedexactly
thesamesurfaceasin the TS model.

The resultsare shavn in fig. 2. The agreemenbetween
the TS modeland our simulationis very good. This is not
surprising,asthe sameassumptionsveremadefor bothmod-
els. However, the approacheto the problemare so different
(analyticalcalculationin the TS modelversugray-tracing-like
simulation)that the excellentagreemenbf the two curvesis
anindependentonfirmationof the correctBRDF of specular
reflectingV-cavities of infinite lengthderivedby [2].

The strongestdeviations of the simulatedvaluesfrom the
TS model occurfor ¢ = 0.15 (at§; = 75°). This cor
respondsto a quite smooth surface, in our simulation the
width o of the peak becomesa critical parameter The
larger the parameterc is chosen,the finer the angulargrid
for the surface patchinclination («, ®)) hasto be chosen,
which increasescomputingtime. So thesedeviations are
due to numerical problemsof our simulation and do not
indicate an approximationor even fault in the TS model.

EMPIRICAL MODEL

Usingthe TS modelis notasstraightforvardasit mightlook,
for somecombinationf anglestheformulasgivenin [2] are
not sufficient. For someapplicationsa simplermodelis desir
able,e.g.in remotesensingusuallytheFresneteflectance’ is
notknown apriori. We will presenanempiricalmodelthatis
computationallys 6 timesfastereasieto implementandstill
captureghe basicfeatures. This empiricalmodel performed
well in several BRDF inversionproblemsincluding surfaces
like roof cover materialsand grasscanoyy, see[5], [6], [7].
Usingy asdefinedin (2), the empiricalmodelcanbe written
as:

fr=a- b8 =3 (5)
wherea describesheintensityof the peak,b the shift towards
largezenithanglesandc thewidth of thespeculapeak.In the
principalplane2a = 1, sotheparametet in (5) corresponds
to theparameter in the TS model(4). For a constanfresnel
reflectancewe foundthatthe bestagreemenbetweerthe TS
modelandthe empiricalfunctionis obtainedwhenchoosing
parameteb ~ 0.9 - 10~7 deg—* if anglesaregivenin degrees
(b = 1.0rad™* if anglesaregivenin radians)If theFresnele-
flectancaedepend®nthezenithangle(whichcanhardlybeex-
cludedfor remotesensingapplications)b is anothemparameter
thathasto be inverted(additionalto a andc). A fitted value
b > 1.0rad™* will indicatea Fresnelreflectanceising with
high zenithangles. A value b much smallerthan 1.0 rad—*
indicatesa problemwith the inversion, becauseusually the
Fresnereflectancaloesnot drop significantlyfor high zenith



angles. In practicalapplications,anotherpossiblereasonfor
a deviation of the inverted paramete from 1.0rad™* is a
non-Gaussiarnnclination distribution of the surface patches
(e.g.theleaf surfacedistribution of grasscannotbe assumed
Gaussianbecausg@rasss arectophilecanoyy). Furtherstud-
iesonthis pointareneeded.

As canbe seenin fig. 2, the empiricalmodelfits quite well
to the TS model, especiallyfor §; = 45° and#; = 75° in
theprincipalplane.Themostimportantdeviationfromthe TS
modelin the principal planeoccursfor ¢ = 0.01 (veryrough
surface)andd; = 10°: the TS modelrisesfor large 6,., but
the empirical modelis almostconstant. At ¢ = 150°, TS
modelandempiricalmodeldo not agreewell for very smooth
surfaceq(c large),but atc = 0.15 theintensityhasdroppedo
lessthan10% of its maximumvalue,sotheabsoluteleviation
is quitesmall. In generalfor anglesnotin the principal plane
the TS modelpredictsvalueslower thanthe empiricalmodel.

CONCLUSIONSAND OUTLOOK

TheanalyticalTS modelwhich describeshe BRDF of a spec-
ularreflectingroughsurfaceis confirmedby aray-tracing-like
simulation.We presentisimpleempiricalBRDF thatcaptures
the basicfeaturesof the TS modelquite well andcancorve-
niently beusedin BRDF inversionproblems.

We are planning to investigateon the assumptionof a
Gaussiarinclinationdistribution for the surfacepatchesFirst
topographymeasuremenisn aroofingtile shovedsignificant
deviationsfrom a Gaussiardistribution.
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Fig.2: SpecularpeakBRDF as a function of view zenith
angled,.. All BRDF values have been normalized to the
valueat f,.(0; = 0, = 45°, ¢ = 180°, ¢), therefore theor-
dinateis dimensionlessThesolidline istheTSmodel(with
index of refraction”n = 1), therhombsindicatethe values
obtainedbytheray-tracing-like simulation thecrossesre
the empirical model(5). Thefirst columnon the left has
¢ = 0.01deg~!, correspondingo a very rough surface
for the secondcolumne = 0.05deg~!, for the third col-
umnontheright ¢ = 0.15 degree™! (verysmoothsurface).
Thefirst 3 lines showthe principal plane(¢ = 180°) for
#; = 10°,45°,75° resp. for thelowestline ¢ = 150° and
0; = 45°. TheTSmodeland the simulatedvaluesagree
very well, the rhombsalmostalwayslie on the solid line.
The empirical model showssomestrong deviations from
theTSmodel.



