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ABSTRACT

Remotelysensedmageswith a pixel sizeof aboutl m can
nowadaysbe acquiredby airbornescannersaandin the near
futurealsoby highresolutionsatellites With suchahigh spa-
tial resolutionremotelysensedlataof urbanareasanresohe
structuredik e a roof into the differentsurfaceseggmentswith
differentinclinations,e.g. in the caseof a gabledroof. We
have measuredhe BRDF (Bidirectional ReflectanceDistri-
bution Function) effects thoroughly on a roof coveredwith
corrugated(sinusoidallyshaped)roof tiles and on a sample
of flat roof tiles. We modeledthe shapeof the corrugated
tiles by a cosinefunction and assumedhat every infinitesi-
mal surface patchof the roof tile hasa BRDF proportional
to the BRDF of the flat roof tile. Model resultsand mea-
surementsagreewell. The most critical parametersare the
ratio heightover wavelengthof the sinusoidalroof tiles and
the intensity of the specularpeakof the surfacepatch. It is

possibleto retrieve theseparameterérom the measurements.

INTRODUCTION

Theintensityof theradiancereflectedrom a surfacedepends
on theillumination andviewing geometry It is describedy
theBidirectionalReflectanc®istribution Function(BRDF) as
definedby [1] astheratio of the radiancereflectedinto view-
ing directionandtheincomingirradiancefrom onedirection.
Sofar, mostof the publicationsaboutBRDF concentrate@n
vegetationcanogy or soil. Theavailability of high spatialreso-
lution (lessthanl m) databy new satelliteswill make detailed
studiesof urbanareaspossible. Structuredike roofs canbe
resolhedinto the differentroof segments.Segmentsof differ-
entinclinationwill receve differentirradiancesndreflectthe
light differentlydueto theirintrinsic BRDF propertiesin this
study we presenta BRDF modelfor a corrugatedoof and
the experimentalverification. Our goal is to improve multi-
spectraimageclassificatiorandchangedetectionprocedures.

BRDF OF THE FLAT ROOFTILES

The BRDF of the flat roof tile was measuredrom a sam-
ple of size30 cm x 30 cm, the actualfield of view hadan
areaof only about3 cm x 3 cm for nadir viewing. We

useda sensorcalled OVID ! (Optical Visible and near In-
fraredDetector)from the Max-Planck-Institutdor Meteorol-
ogy, Hamlurg, Germauy, in the spectralrangefrom 600 to
900 nm with 61 channelqfor moredetailson the sensorsee
[2]). We fitted an empiricalfunctionto the measuredBRDF
values. The model was proposedby [3], modified by [4]
to take into accountthe reciprocity principle, and extended
by [5] by a specularpeak, see[6] for a detailedexplana-
tion of the speculatterm. The modelpassech statisticaly?-
test,it describegshe BRDF of the flat roof tile very well [5].

BRDF MEASUREMENTSOF THE CORRJGATED ROOF

The BRDF of thecorrugatedoof tileswasmeasuredrom the
roof terraceof a 18 story building, pointing the sensordown
to the surfacesof the investigatedoof. The distancesensor
target was about70 m, the field of view about30 cm x 30
cm. We measure® differentpointsontheroof, seefig. 1. As-
sumingthateachpointhasthesameBRDF, we obtainBRDF-
measurementat 9 differentanglesof reflectionfor the sur
facetype ‘corrugatedroof’ (for exactanglesseecaptionson
the plotsin fig. 3, wherethe datais shavn asa function of
therelative azmimuthangle). The anglesof incidencevaried
with the courseof the sun,altogethemve gatheredlataat 124
differentcombinationsf angles.Skylight effectsweretaken
into accountby subtractinga measuremenif the roof being
in shadov interpolatedo thetime of measuremen(for a de-
tailedexplanationof themeasurementse€[7], [8]). Thistime
we usedthespectromete®VID in thespectratangefrom 610
to 1600nm. Fitting the modifiedWalthall BRDF modelmen-
tionedabove to the dataresultsin an averagedeviation of 15
to 20 % (dependingnwavelength) the x2- testclearlyfailed.

COSINE-BRDFMODEL

We modeledthe shapeof the corrugatedroof surface by a
cosine function. Our cosine-BRDFmodel can be under
stoodasaray-tracingmodelfor a surfaceof one-dimensional
roughnesswherethe slopeat eachsurface patchis known.
It is computationallyvery fast, but the resultsare only nu-
merically and not of an analytical form. It is exact re-
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garding single scattering, masking and shadaving. The
twice scatteredcomponentis only approximated,but in

our case (the albedo of the roof is about 0.1) this com-
ponentis negyligible (lessthan 2 % on average). The
modelobeys Helmholtz's theoremof reciprocity(interchang-
ing theanglesof incidenceandreflectiondoesnot changethe
BRDF value), often called reciprocity principle. It is pos-
sible to assignary analytical BRDF to the surface patches.

FITTING RESULTS AND DISCUSSION

Assuminga BRDF proportionalto the previously measured
BRDF of theflat roof tile for eachinfinitesimalsurfacepatch
in our cosinemodelandfitting with one free paramete(for
the brightness)considerablyimprovesthe x2- test. For 124
measurement®nefree parameteanda confidencevalue of
1 — a = 0.99 thelimit is x?_, = 162.4 (the assumptioris
reasonablsincethe materialof the flat tiles is similar to the
materialof the corrugatediles, althoughthe coloring of the
flattile is muchbrighter(factorof about3), thefreeparameter
for the brightnesds thereforeabsolutelynecessary).The fit
passeshe x2- testup to a wavelengthof 1400nm andrises
to a maximumof x? ~ 250at 1600 nm (remembetthat the
BRDF of theflat tile was only measuredor the wavelength
range600to 900nm).

It is obvious from the datathat the specularpeakrisesfor
higher wavelengths(see[7], [8]). We thereforetestedan-
other BRDF modelfor the surface patches: we assumeda
Lambertiancomponent, plusa speculapeakwith thesame
shapeasthe speculapeakof theflat roof tile, but varyingin-
tensitya;: BRDF = ag + a1 x Shapgpecuiar(see[6] for a
discussioron the speculapeak). This yields two free para-
meters,ag anda;. Resultsfrom the fits areshawn in fig. 2.
The x? valuesarecomparableo the resultsusingthe BRDF
of theflat tile. They passthe x2- testup to a wavelengthof
1400nm, but rise to only x? ~ 200 at 1600nm. The ratio
a1/ ap staysalmostconstanfrom 610to 900nm, but riseslin-
earlyfor higherwavelengthsat 1600nm reachingfour times
its value of 900 nm. This explainswhy x2 for this modelis
lowerthanusingthe BRDF of theflat roof tile, wheretheratio
a1/ ag is fixedto its valueat 900 nm, suppressinghe relative
increasef the speculapeak.

We conclude that for our case, the shape of the
non-specularBRDF of the flat tile is not really im-
portant, it is sufficient to assumea Lambertian compo-
nent plus a specularpeak of the form describedin [6].

PARAMETER RETRIEVAL BY BRDF MEASUREMENTS

The value of x? is determinedby substractinghe predicted
valuesfrom the measurementsljviding by theerrorandsum-
ming over all measurements;y?> = 3.(BRDFjeasured_
BRDF™®®92 /Error;2, We computedhis valueusingdiffer-
entcosineamplitudesA in our cosinemodel,seefig. 4. The
strongandcontinuousiseof x? for wrongvaluesof A makes
theinversionof this parameteeasy Thesmallestvaluefor x?

was obtained(usingthe BRDF determinedrom the flat tile)
for A = 0.87, thetruevaluebeing A = 0.91. The devia-
tion of 4 % is remarkablysmallfor shapedeterminatiorfrom
BRDF measurementéthe averageerror for eachmeasured
BRDF valueis about10%). But it mustbenotedthatthisis a
very specialcase because lot of prior knowledgewasused:
BRDF of theflat tile, orientationandinclination of the roof,
cosineshapeof theroofingtiles. Thevalueof A obtainedby
inversionvariesonly afew percenwith wavelength seefig. 5.

CONCLUSIONSAND OUTLOOK

We have shovn thatthemodelspresente@bore arecapableof
predictingaccuratelythe BRDF of typical roofs, providedthe
type of roof andits surfaceorientationareknown. Thecritical
parameter®f the modelarethe cosineamplitudeof the cor-
rugatedroof andthe intensity of the speculampeakof the flat
rooftile.

In August 1997, we acquiredmultispectralimageryfrom
the city of Nurembeg, Germary, with an airbornescanner
Theflight pathswere chosenin a way to obtainseveral view
angledfor eachpixel. We areplanningto applythemodelpre-
sentedaboreto thisdata.
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Fig.1: Investigatedoof with measued points, picture
takenfrom sensorposition. Theinclination of the roof
surfacenormalto nadir is 15°.
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Fig. 2: Fitting ap + a1 x Shap&pecuiaras BRDF of
thesurfacepatchesyieldstheabove coeficients.aq
(plot ontheleft) dropsby half from610to 1600nm,
ay (plot ontheright) doublefrom610to 1600nm.
Wavelengthef highatmospheri@absorptionare not
shown.
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Fig. 3: Measued data (with error bars) of the
BRDFfromtheroofin fig. 1 andfitted model(solid
line) at a wavelengthof 900 nm as a function of
relativeazimutangle Notethattheincidentzenith
angleis NOT constantin theseplots. 6, = zenith
angle of reflection,¢, = azimuthangle of reflec-
tion, ¢, = 0° or ¢, = 180° are ‘parallel to the
cosinecrest’ (no maskingfromthe cosineshapefor

theseangles).
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Fig. 4. x? as a function
of the cosine amplitude
A for 900 nm, using the
BRDFof theflat rooftile,
dashedine=true valueof
A.
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Fig. 5. Theretrieved cosine
amplitudeA (usingtheBRDF
of the flat tile at 900 nm)
as a function of wavelength,
dashedine=true valueof A.



