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Abstract. Thispaperconsides theapplicationof capturingurbanterrain by an
airbornepushboomcamea (e.g. High ResolutiorSteeoCamen). Theresulting
imagesaswell asdisparityrangesare expectedo be huge. A slightly non-linear
ight pathandsmallorientationchangesare anticipatedwhich resultsin curved
epipolarlines. Thesémagescannotbegeometricallycorrectedfor matding pur-
posessud thatepipolarlinesare exactlystraightand parallel to ead other The
proposednovel processingsolution explicitely calculatesepipolar lines for re-
ducingthedisparityseach range to a minimum.Thisis a necessaryrerequisite
for usingan accumte but memoryintensivesemiglobal steleo matding method
thatis basedon pixelwisematding. It is shownthat the proposedappoac per-
formsaccumate matding of urbanterrain andis ef cient on huge images.

1 Intr oduction

The High ResolutionStereoCamera(HRSC) hasbeendevelopedby the Institute of
PlanetaryResearchDLR)[1] for the exploration of the Marsiansurfacefrom orbit.
The airborneversionHRSC-AX is currently usedfor capturingearthslandscapeand
citiesfrom ight altitudesbetweenl500mto 5000m.The cameracontainsnine sensor
arrays,which arearrangedrthogonallyto the ight directionin differentangles All
arrayshave aresolutionof 12000pixels. Five arraysare panchromaticThe otherfour
capturered, green,blue andinfraredlight. The positionandorientationof the camera
is continuouslymeasuredby a sophisticatedsPS/IMUsystem Currentpost-processing
[1-3] includesradiometriccorrectionsaswell asre nementsof all camerapositions,
orientationsandtime offsetsby meansof photogrammetrienethodshasedon HRSCs
multi-stereamageinformation.A geometriccorrectionstepprojectsthe pixelsof each
array at all camerapositionsonto an arti cial plane,resultingin nine 2D images,in
which effects causedby high andlow frequentorientationvariationsare eliminated,
while disparitiescausedy terrainandbuildingsstill remain(Fig. 1).
Thecurrentstereanethod1] performshierarchicalcorrelationrbasedstereanatch-
ing of these2D images.Epipolarlines areassumedo be parallelto the overall ight
direction. Violations of this assumptiorare handledby searchingcorrespondenceas
a 2D areaaroundsuspecte@pipolarlines. The matchingresultis usedfor calculating
Digital ElevationModels(DEM) andsubsequentl§or the generatiorof true orthoim-
agesbasedon the DEM. This paperproposeghe explicit calculationof epipolarlines
in generalpon-lineapushbroommagescombinedwith a semi-globaktereamatching
method.Theaimis to increase¢heaccurag in scene®f urbanareas.
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Fig. 1. Partsof corrected?D pushbroonimageswith aresolutionof 15cm/pixel.

2 RelatedLiteratur e

Therearedifferentpossibilitiesfor modelingthemovemenif pushbroontamerasThe
Linear Pushbbom Camen model [4-6] assumes movementwith constantvelocity
andorientationin a straightline. This movements notrealisticfor anairbornecamera,
which is exposedto wind. Generalmovementsmay be approximatedoy polynomial
functions[7] or explicitely representedy discretepositionsandorientationd1, 8,9].

Geometriccorrectionof theimagesasa pre-requisitdor matchingandsubsequent
3D surfacemodelingarecommonlydoneby projectingall pixelsontoanarti cal plane
[1,8,9]. Straightlinesandepipolarlines arealmoststraightin the correctedmagesif
the ight pathis nearlylinear Thus,thesecorrectedmagescanbe treatedasalmost
recti ed [9]. However, arecti cation thatresultsin exactly straightepipolarlinesis not
possible sinceepipolarlines are generallyhyperbolasgvenif the cameramovement
is exactly linear [4]. The complex shapeof epipolarlines mustbe considerediuring
stereamatching.eitherby searchingn 2D aroundlinearly approximatecapipolarlines
[1,8] or by explicitely calculatingthem [6] for reducingthe searchspaceto 1D. 2D
searchareascanalsobe reducedby orthorecti cation implying roughterraininstead
of simplegeometriccorrection[2].

Stereamatchingmustbeef cient, dueto typically hugeimagesanddisparityranges.
Local, correlationbasedapproacheareoften applied,eitherby hierarchicaimatching
[1] or by region growing [8, 6], which startsat high con dencecorrespondenceblow-
ever, correlationbasednethodsareknown to blur sharpobjectboundarie$10], which
makesthemlesssuitablefor urbanareasGlobal costminimizationmethodshave been
shown [11] to performmuchbetterat objectboundariesHowever, globalmethodsare
typically slov andmemoryintensive, which makesthemunsuitablefor hugeimages.

3 Reconstructionfrom Pushbroom Images

Thefollowing sectiondntroducethe cameranodel(Section3.1) asbasefor calculating
epipolarlines(Section3.2). Epipolarlinesarerequiredfor limiting the correspondence
searchduring stereomatching(Section3.3). The matchingresultis nally usedfor
calculatinganorthographigrojectionof heightandimageinformation(Section3.4).

3.1 Modeling Non-Linear Pushbroom Cameras

Pushbroontamerasisean array of sensorelementghatis arrangedn a straightline
on the imageplane(Fig. 2a). Lensdistortionis modeledby treatingthe sensorarray
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y _ Optical center . Movement i
= —_— = . J
€ N )
zW x
.\e;  Approx. X

|mage f! \ sensor
plane 1 (f aray \ I
i X \ 7
) Sensor
: zY array Image plane

Fig. 2. Cameranodelandthe creationof a corrected?D image.

asbeingcurved. Theintrinsic parameterarethe focal length f (i.e. distancebetween
opticalcenterandimageplane)andthe positionsx, yk ontheimageplanefor all pixels
k. Thus,the3D locationof apixelkis Sc= Xk Yk f Tin thecameracoordinatesystem.
A 2D imageis capturedine by line, while the cameramoves.A linear movement
cannotalways be guaranteede.g. while ying with an airplane).Therefore,it is as-
sumedthat the pathis only roughly a straightline, the speedis not constantandthe
orientationis changingslightly (Fig. 2b). The lack of constraintsequiresto measure
the orientationsR; andlocationsT; at all capturingpositionsi with high accurag.
Sinceoriginal GPS/IMU measurementdescribethe orientationof the IMU-axes, a
photogrammetriceconstructiorof the orientationof the cameraaxesis performedby
meansof photogrammetrienethodq3]. This leadsto the relationshipP = sRS+ T;
betweeraworld point P andthekth pixel of theith capturingposition.Thereconstruc-
tion of theray of light thatendsin pixel k is, basedon the previously describedoho-
togrammetriaeconstructionstraightforward. However, the inverse(i.e. nding pixel
k asprojectionof P) is dif cult, becausahelist of pixel positionsSis unsorted.The
calculationis simpli ed by approximatinghe sensomrrayby thebest tting line, i.e.

P= SRS+ Ti, Sc= KU+V+ g (1)

This allows thede nition of anew cameracoordinatesystemes, e, es (Fig. 2a)in
which ey is parallelto the sensoline and f %; intersectgheline in the point Po.

U uv
el fl3=Pp= ——U+V e=e e 2

T iuj uU

Theresultingclosedform de nition of therelationshipbecomes,

P=sRR; k%01 "+ T, Re= erepes . €©)

Therelationshipbetweerthe pixel k?andk canbe derived easilyask®= %el—v .
Corrected?D imagesareobtainedby projectingall pixel valuesontoa commonimage

planeat z= 0 (Fig. 2¢) using(1). The projectionis generallyirregular. The valuesat
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regular grid positionsare calculatedaslinear interpolationsof nearbypixels. Orienta-
tion changedhat destry the orderof projectedpixels (e.g.cameraposition j in Fig.
2c) aretreatecby removing disturbingcamergoositionsandtheir projectedpixels.

For 3D computervision purposest is importantto have a projectionmodelof the
corrected?D pushbroonimages.The intrinsic parameterarethe pathof optical cen-
ter positionsT; and correspondingriewing directionsR;R.. The movementbetween
discretepositionsis assumedo belinear Equation(3) canthenrewrittenas,

Tiwr Ty
P=sRR k%01 "+ T+ 37'”2 L1

Thefactors controlsthelinearmovementof theith optical centerfor projectingP
exactlyonthesensomrray(i.e.y = 0). Solvingfor s in dependencef P resultsin,

(4)

r2(P_Ti)
ro(Tisr Ti 1)’

ThepositionC(P) of theopticalcenteris calculatedrom theclosestase, i.e.

s(P)=2 wWithRR.= rirars . (5)

Tiv1x Ti1

CP) =Ti+ s(A—1

, for i suchthats (P) is aminium (6)
The closestbasei canbe found by a binary searchin O(log, n) steps.Remaing
overlappingprojectionge.g.j in Fig. 2c) ensures sortedist. Thesignof s; determines
the searchdirection. The determinatiorof the optical centerpermitsthe projectionof a
world point P ontoanimagepoint p by calculatingtheintersectiorof P, C(P) atz= 0.

G R G Cx
=fy0i(P)= ——— +
p proj ( ) C PZ Py Cy Cy

Similarly, theworld point P is reconstructedrom a givenpixel p atthe distancez.

,with C = C(P). @)

0 1 0_1
C, z px  Cx Cx -
P= fred(p;2) = c @p, CA+@cA withC=C( pxpy0 ') (8)
z C; C;

3.2 Calculation of Epipolar Lines

A pixel p; andthecorrespondingpticalcenterC; (p1) de ne aline, which containghe
world point P thatis projectedon p;. The projectionof thisline into a secondmageis
calledepipolarline. The projectionof P in the secondmagemustbe on the epipolar
line (Fig. 3a). Thisis formally de ned as,

P2 = e1a(p1;d) = fproj;2(frec1(p1; dD2). )
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(a) Calculation of Corresponding Points (b) Epipolar Lines (1) approx. by same pixel columr
(2) exact, (3) approx. as straight line
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Fig. 3. Calculationof epipolarlines.

Thedisparityd controlsthepositionontheepipolarline. TheconstanDzis setsuch
thatadisparitystepof 1 causes meantranslatiorof 1 pixel ontheepipolarline. Figure
3b shavs anexampleof anexactly calculatedepipolarline andapproximationdy the
samepixel columnandasstraightline. Theoverall ight pathis vertical. The example
shaows thatthe approximatecdpipolarlines missthe correctcorrespondencky several
pixel, which enforcea 2D searcHor nding correspondence¥heexactpointby point
calculationof epipolarlinesreduceghe searchrangeto a minimum. The ef ciency of
this approachs optimizedby calculatingonly a few pointson the line andassuming
piecaviselinearity in between.

3.3 StereoMatching

Stereomatchingis donewith the Semi-GlobalMatching (SGM) method[12], which
aimsto determinghedisparityimageD, suchthatthe costE(D) is a minimum.

E(D)= 4C(p:Dp)+ & PiT[Dp Dgj= 1]+ & P.T[Dp Dgi>1]  (10)
p 02Np 2 Np

The costfunction evaluatespixelwise matchingcostsC(p; D) atthe pixel p with
thedisparityDp. Piecavise smoothnessf thedisparityimageis supportedy addinga
smallcostP; for all smalldisparitychangesnda highercostP; for all higherdisparity
changesAdding a constantcostfor all higherdisparitychangegreseresdiscontinu-
ities. Finding the minimum of equation(10) is an NP-completeproblem.The SGM
algorithm approximateghe global minimization by pathwiseminimizationsfrom all
directions.The compleity is only O(ND), but the memoryconsumptioris also pro-
portionalto ND (i.e. numberof pixelstimesthedisparityrange).The pixelwise match-
ing costC(p; Dp) is basedon hierarchicallycomputingMutual Information (MI) [12]
insteadof intensitydifferencesThis makesit robustagainstrecordingdifferencesand
illumination changesywhich caneasilyhappersincepushbroontameragsapturecorre-
spondingpointsat differenttimesonthe ight path.Finally, the SGM methodprovides
amulti-baselineextension[12] for reducingmismatchesndincreasingaccurag.

Applying the SGM methodto HRSC imagesincludesthree adaptationsFirstly,
multi-baselinematchingusesthe ve panchromatiamagesof the HRSC (Sect. 1),
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weightedby theirrecordingangle Optionally, theredandgreenmagesarealsomatched
againstthe panchromaticadirimage,which is possiblewith MI matching.Secondly
the hugeimagesaresplit into manageablpieces(i.e. tiles) for matching.Thetiles are
de ned slightly overlappingand pixels nearimagebordersarerejected becausehey
receve supportonly from one side by the global costfunction. Thirdly, the disparity
rangeis determinedautomaticallyby rst processinglownscaledmages(e.g.factor
16) with a very large disparityrange.A reducedrangeis determinedrom the result
andusedfor higherresolutions.The disparity rangedeterminationis doneduring the
hierarchicacomputatiorof MI.

3.4 Orthographic Projection

Theresultingdisparityimagecorrespondso the nadirimageof the HRSC.The model
of this image (Sect.3.1) is complex dueto low constraintson the ight pathanda
mixture of perspectie andparallelprojectionmodels.The disparityimagepermitsthe
conversionof the datainto a simpleorthographianodel.Eachpixel p of the disparity
imageD is reconstructetty P = frecp(p; DpD2z). An orthographigorojectionis used,
which storeseachheightvalue P, at the pixel position P, Py. Double mappingsare
resohedby usingthe heightthatis closesto the cameraThis orthographianodelalso
supportdusingresultsof differentrecordingsby takingthe meanor medianof heights,
whichdecreasesutliers.Finally, gapsare lled by interpolation.Theresultis a Digital
ElevationModel (DEM) of thesceneThe correspondingntensityor color valueat Py,
Py andthe storedheightvalueP; is determinedy bilinearinterpolationin theimagel
atthepositiong = fprj: (P). Theresultsis atrueortho-image.

4 Experimental Results

The rst row of Fig. 4 shovs smallpartsof threescenesThe DEMs of Neuschvanstein
castlearethe combinationof 4 ights in crossdirectionsoverthe castle.Similarly, the
DEMs of Garmisch-Rrtenkircherarethe combinationof 3 overlappingparallel ights.
The DEMs of Rosenheinaretheresultof one ight only.

Thesecondow shovs DEMsthatareproducedy a hierarchicalcorrelationbased
method(HC) [1]. Themethodavoidsthe calculationof epipolarlinesby searchingor-
respondencdn a2D areaMatchingis donein imageghataresampledvith 25cm/piel.
However, only every secondpixel is calculatedwhich resultsin 50cm/pixel. It canbe
seernthattheboundarie®f housesreseverelyblurredandtowersareunrecognized.

Thethird andfourth row of Fig. 4 presenDEMs thathave beenproducedoy SGM
with calculatedepipolarlines with imagesat differentresolutions.The boundarief
housesaremuchsharperandall towersare properlydetectedThe averageprocessing
time is onehouron a 2.8GHzXeon computerfor producingl 1MPixel of the DEM by
matching5 imageswith an averagedisparityrangeof 400 pixel. The fth row of Fig.
4 shows reconstructionsisingthe orthoimageaswell asthe S1andS2images(e.g.
Fig. 1) for top andsidetextures.Thelastrow presentseconstructionsf a 110km? area
of Berlin in aresolutionof 20cm/pixel. Theareahasbeencapturedy 6 parallel,partly
overlappingights. Eachight contributedapproximatelyl billion heightvaluesto the
DEM. Thetotal processindime was18 dayson a2.8GHzXeoncomputer
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Fig. 4. Resultsof a hierarchical correlationbasemethod(HC) that nds correspondencesithin
a 2D areaandthe SGM methodthat nds correspondencesiongcalculatedepipolarlines.
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5 Conclusion

It hasbeenshavn thatepipolarlinescanbeef ciently calculatedn generahon-linear
pushbroonimages.This permitsthe minimizationof the correspondencsearchrange
for usingthe accurateput memoryintensive Semi-GlobalMatching method.Experi-
mentscon rmed thatthe proposedstereqprocessingolutionperformsaccuratamatch-
ing of urbanterrainwith sharpboundarieof buildings. The approachpermitsthe ef-

cient andfully automatic3D reconstructiorof whole cities. Futureplansincludethe
implementatiorof theapproacton a processingluster
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