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Abstract. Thispaperconsiders theapplicationof capturingurbanterrain byan
airbornepushbroomcamera (e.g. High ResolutionStereoCamera).Theresulting
imagesaswell asdisparityrangesare expectedto behuge. A slightly non-linear
�ight pathandsmallorientationchangesareanticipated,which resultsin curved
epipolarlines.Theseimagescannotbegeometricallycorrectedfor matchingpur-
posessuch thatepipolarlinesare exactlystraightandparallel to each other. The
proposednovel processingsolutionexplicitely calculatesepipolar lines for re-
ducingthedisparitysearch range to a minimum.Thisis a necessaryprerequisite
for usinganaccurate, but memoryintensivesemiglobalstereomatching method
that is basedon pixelwisematching. It is shownthat theproposedapproach per-
formsaccuratematching of urbanterrain andis ef�cient on huge images.

1 Intr oduction

The High ResolutionStereoCamera(HRSC)hasbeendevelopedby the Instituteof
PlanetaryResearch(DLR)[1] for the exploration of the Marsiansurfacefrom orbit.
The airborneversionHRSC-AX is currentlyusedfor capturingearthslandscapeand
citiesfrom �ight altitudesbetween1500mto 5000m.Thecameracontainsninesensor
arrays,which arearrangedorthogonallyto the �ight directionin differentangles.All
arrayshave a resolutionof 12000pixels.Five arraysarepanchromatic.Theotherfour
capturered,green,blueandinfraredlight. Thepositionandorientationof thecamera
is continuouslymeasuredby asophisticatedGPS/IMUsystem.Currentpost-processing
[1–3] includesradiometriccorrectionsaswell asre�nementsof all camerapositions,
orientationsandtime offsetsby meansof photogrammetricmethodsbasedon HRSCs
multi-stereoimageinformation.A geometriccorrectionstepprojectsthepixelsof each
arrayat all camerapositionsonto an arti�cial plane,resultingin nine 2D images,in
which effectscausedby high and low frequentorientationvariationsareeliminated,
while disparitiescausedby terrainandbuildingsstill remain(Fig. 1).

Thecurrentstereomethod[1] performshierarchical,correlationbasedstereomatch-
ing of these2D images.Epipolarlines areassumedto be parallelto the overall �ight
direction.Violationsof this assumptionarehandledby searchingcorrespondencesin
a 2D areaaroundsuspectedepipolarlines.Thematchingresultis usedfor calculating
Digital ElevationModels(DEM) andsubsequentlyfor thegenerationof trueorthoim-
agesbasedon theDEM. This paperproposestheexplicit calculationof epipolarlines
in general,non-linearpushbroomimagescombinedwith asemi-globalstereomatching
method.Theaim is to increasetheaccuracy in scenesof urbanareas.
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Fig.1. Partsof corrected2D pushbroomimageswith a resolutionof 15cm/pixel.

2 RelatedLiteratur e

Therearedifferentpossibilitiesfor modelingthemovementof pushbroomcameras.The
Linear PushbroomCamera model [4–6] assumesa movementwith constantvelocity
andorientationin astraightline. Thismovementis not realisticfor anairbornecamera,
which is exposedto wind. Generalmovementsmay be approximatedby polynomial
functions[7] or explicitely representedby discretepositionsandorientations[1,8,9].

Geometriccorrectionsof theimagesasapre-requisitefor matchingandsubsequent
3D surfacemodelingarecommonlydoneby projectingall pixelsontoanarti�cal plane
[1,8,9]. Straightlinesandepipolarlinesarealmoststraightin thecorrectedimages,if
the �ight path is nearly linear. Thus,thesecorrectedimagescanbe treatedasalmost
recti�ed [9]. However, arecti�cation thatresultsin exactlystraightepipolarlinesis not
possible,sinceepipolarlines aregenerallyhyperbolas,even if the cameramovement
is exactly linear [4]. The complex shapeof epipolarlines mustbe consideredduring
stereomatching,eitherby searchingin 2D aroundlinearlyapproximatedepipolarlines
[1,8] or by explicitely calculatingthem[6] for reducingthe searchspaceto 1D. 2D
searchareascanalsobe reducedby ortho recti�cation implying roughterraininstead
of simplegeometriccorrection[2].

Stereomatchingmustbeef�cient, dueto typicallyhugeimagesanddisparityranges.
Local, correlationbasedapproachesareoftenapplied,eitherby hierarchicalmatching
[1] or by regiongrowing [8,6], whichstartsat highcon�dencecorrespondences.How-
ever, correlationbasedmethodsareknown to blur sharpobjectboundaries[10], which
makesthemlesssuitablefor urbanareas.Globalcostminimizationmethodshavebeen
shown [11] to performmuchbetterat objectboundaries.However, globalmethodsare
typically slow andmemoryintensive,whichmakesthemunsuitablefor hugeimages.

3 Reconstructionfr om Pushbroom Images

Thefollowing sectionsintroducethecameramodel(Section3.1)asbasefor calculating
epipolarlines(Section3.2).Epipolarlinesarerequiredfor limiting thecorrespondence
searchduring stereomatching(Section3.3). The matchingresult is �nally usedfor
calculatinganorthographicprojectionof heightandimageinformation(Section3.4).

3.1 Modeling Non-Linear PushbroomCameras

Pushbroomcamerasuseanarrayof sensorelementsthat is arrangedin a straightline
on the imageplane(Fig. 2a).Lensdistortionis modeledby treatingthe sensorarray
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Fig.2. Cameramodelandthecreationof a corrected2D image.

asbeingcurved.The intrinsic parametersarethe focal length f (i.e. distancebetween
opticalcenterandimageplane)andthepositionsxk, yk ontheimageplanefor all pixels
k. Thus,the3D locationof apixel k is Sk =

�
xk yk f

� T in thecameracoordinatesystem.
A 2D imageis capturedline by line, while thecameramoves.A linearmovement

cannotalwaysbe guaranteed(e.g.while �ying with an airplane).Therefore,it is as-
sumedthat the path is only roughly a straightline, the speedis not constantandthe
orientationis changingslightly (Fig. 2b). The lack of constraintsrequiresto measure
the orientationsRi and locationsT i at all capturingpositionsi with high accuracy.
Sinceoriginal GPS/IMU measurementsdescribethe orientationof the IMU-axes,a
photogrammetricreconstructionof theorientationof thecameraaxesis performedby
meansof photogrammetricmethods[3]. This leadsto the relationshipP = sRiSk + T i
betweenaworld pointP andthekth pixel of theith capturingposition.Thereconstruc-
tion of the ray of light that endsin pixel k is, basedon thepreviously describedpho-
togrammetricreconstruction,straightforward.However, the inverse(i.e. �nding pixel
k asprojectionof P) is dif�cult, becausethe list of pixel positionsS is unsorted.The
calculationis simpli�ed by approximatingthesensorarrayby thebest�tting line, i.e.

P = sRiSk + T i , Sk = kU + V + ek. (1)

This allows thede�nition of a new cameracoordinatesysteme1, e2, e3 (Fig. 2a)in
whiche1 is parallelto thesensorline and f 0e3 intersectstheline in thepointP0.

e1 =
U
jUj

f 0e3 = P0 = �
UV
UU

U + V e2 = e3 � e1 (2)

Theresultingclosedform de�nition of therelationshipbecomes,

P = sRiRc
�
k0 0 1

� T + T i , Rc =
�
e1 e2 e3

�
. (3)

Therelationshipbetweenthepixel k0 andk canbederivedeasilyask0= kjUj+ e1V
f 0 .

Corrected2D imagesareobtainedby projectingall pixel valuesontoa commonimage
planeat z = 0 (Fig. 2c) using(1). The projectionis generallyirregular. The valuesat
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regulargrid positionsarecalculatedaslinear interpolationsof nearbypixels.Orienta-
tion changesthat destroy the orderof projectedpixels (e.g.cameraposition j in Fig.
2c)aretreatedby removing disturbingcamerapositionsandtheir projectedpixels.

For 3D computervision purposesit is importantto have a projectionmodelof the
corrected2D pushbroomimages.The intrinsic parametersarethepathof opticalcen-
ter positionsT i andcorrespondingviewing directionsRiRc. The movementbetween
discretepositionsis assumedto belinear. Equation(3) canthenrewrittenas,

P = sRiRc
�
k00 1

� T + T i + si
T i+ 1 � T i� 1

2
. (4)

Thefactorsi controlsthelinearmovementof theith opticalcenterfor projectingP
exactlyon thesensorarray(i.e. y = 0). Solvingfor si in dependenceof P resultsin,

si (P) = 2
r2(P� T i)

r2(T i+ 1 � T i� 1)
, with RiRc =

�
r1 r2 r3

�
. (5)

ThepositionC(P) of theopticalcenteris calculatedfrom theclosestbasei, i.e.

C(P) = T i + si(P)
T i+ 1 � T i� 1

2
, for i suchthatsi(P) is a minium (6)

The closestbasei canbe found by a binary searchin O(log2n) steps.Removing
overlappingprojections(e.g. j in Fig.2c)ensuresasortedlist. Thesignof si determines
thesearchdirection.Thedeterminationof theopticalcenterpermitstheprojectionof a
world pointP ontoanimagepoint p by calculatingtheintersectionof P, C(P) atz= 0.

p = fproj (P) =
Cz

Cz � Pz

�
Px � Cx
Py � Cy

�
+

�
Cx
Cy

�
, with C = C(P). (7)

Similarly, theworld pointP is reconstructedfrom agivenpixel p at thedistancez.

P = frec(p;z) =
Cz � z

Cz

0

@
px � Cx
py � Cy

� Cz

1

A +

0

@
Cx
Cy
Cz

1

A , with C = C(
�
px py 0

� T ) (8)

3.2 Calculation of Epipolar Lines

A pixel p1 andthecorrespondingopticalcenterC1(p1) de�ne aline,whichcontainsthe
world point P thatis projectedon p1. Theprojectionof this line into a secondimageis
calledepipolarline. Theprojectionof P in thesecondimagemustbe on theepipolar
line (Fig. 3a).This is formally de�ned as,

p2 = e12(p1;d) = fproj;2( frec;1(p1; � dDz)) . (9)
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Fig.3. Calculationof epipolarlines.

Thedisparityd controlsthepositionontheepipolarline.TheconstantDzis setsuch
thatadisparitystepof 1 causesameantranslationof 1 pixel ontheepipolarline.Figure
3b shows anexampleof anexactly calculatedepipolarline andapproximationsby the
samepixel columnandasstraightline. Theoverall �ight pathis vertical.Theexample
shows thattheapproximatedepipolarlinesmissthecorrectcorrespondenceby several
pixel, whichenforcea2D searchfor �nding correspondences.Theexactpointby point
calculationof epipolarlinesreducesthesearchrangeto a minimum.Theef�ciency of
this approachis optimizedby calculatingonly a few pointson the line andassuming
piecewiselinearity in between.

3.3 StereoMatching

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

E(D) = å
p

C(p;Dp) + å
q2Np

P1T[jDp � Dqj = 1] + å
q2Np

P2T[jDp � Dqj > 1] (10)

ThecostfunctionevaluatespixelwisematchingcostsC(p;Dp) at thepixel p with
thedisparityDp. Piecewisesmoothnessof thedisparityimageis supportedby addinga
smallcostP1 for all smalldisparitychangesandahighercostP2 for all higherdisparity
changes.Adding a constantcostfor all higherdisparitychangespreservesdiscontinu-
ities. Finding the minimum of equation(10) is an NP-completeproblem.The SGM
algorithmapproximatesthe global minimizationby pathwiseminimizationsfrom all
directions.The complexity is only O(ND), but the memoryconsumptionis alsopro-
portionalto ND (i.e.numberof pixelstimesthedisparityrange).Thepixelwisematch-
ing costC(p;Dp) is basedon hierarchicallycomputingMutual Information(MI) [12]
insteadof intensitydifferences.This makesit robustagainstrecordingdifferencesand
illuminationchanges,whichcaneasilyhappensincepushbroomcamerascapturecorre-
spondingpointsatdifferenttimeson the�ight path.Finally, theSGMmethodprovides
a multi-baselineextension[12] for reducingmismatchesandincreasingaccuracy.

Applying the SGM methodto HRSC imagesincludesthreeadaptations.Firstly,
multi-baselinematchingusesthe � ve panchromaticimagesof the HRSC (Sect.1),
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weightedby theirrecordingangle.Optionally, theredandgreenimagesarealsomatched
againstthepanchromaticnadir image,which is possiblewith MI matching.Secondly,
thehugeimagesaresplit into manageablepieces(i.e. tiles) for matching.Thetiles are
de�ned slightly overlappingandpixels nearimagebordersarerejected,becausethey
receive supportonly from onesideby the global cost function.Thirdly, the disparity
rangeis determinedautomatically, by �rst processingdownscaledimages(e.g.factor
16) with a very large disparity range.A reducedrangeis determinedfrom the result
andusedfor higherresolutions.The disparityrangedeterminationis doneduring the
hierarchicalcomputationof MI.

3.4 Orthographic Projection

Theresultingdisparityimagecorrespondsto thenadirimageof theHRSC.Themodel
of this image(Sect.3.1) is complex due to low constraintson the �ight path and a
mixtureof perspectiveandparallelprojectionmodels.Thedisparityimagepermitsthe
conversionof thedatainto a simpleorthographicmodel.Eachpixel p of thedisparity
imageD is reconstructedby P = frec;D(p; � DpDz). An orthographicprojectionis used,
which storeseachheight valuePz at the pixel position Px, Py. Double mappingsare
resolvedby usingtheheightthatis closestto thecamera.Thisorthographicmodelalso
supportsfusingresultsof differentrecordings,by takingthemeanor medianof heights,
whichdecreasesoutliers.Finally, gapsare�lled by interpolation.Theresultis aDigital
ElevationModel (DEM) of thescene.Thecorrespondingintensityor colorvalueat Px,
Py andthestoredheightvaluePz is determinedby bilinear interpolationin theimageI
at thepositionq = fproj;I (P). Theresultsis a trueortho-image.

4 Experimental Results

The�rst row of Fig.4 showssmallpartsof threescenes.TheDEMsof Neuschwanstein
castlearethecombinationof 4 �ights in crossdirectionsover thecastle.Similarly, the
DEMsof Garmisch-Partenkirchenarethecombinationof 3 overlappingparallel�ights.
TheDEMsof Rosenheimaretheresultof one�ight only.

Thesecondrow showsDEMsthatareproducedby ahierarchical,correlationbased
method(HC) [1]. Themethodavoidsthecalculationof epipolarlinesby searchingcor-
respondencesin a2Darea.Matchingisdonein imagesthataresampledwith 25cm/pixel.
However, only every secondpixel is calculated,which resultsin 50cm/pixel. It canbe
seenthattheboundariesof housesareseverelyblurredandtowersareunrecognized.

Thethird andfourth row of Fig. 4 presentDEMs thathavebeenproducedby SGM
with calculatedepipolarlines with imagesat differentresolutions.The boundariesof
housesaremuchsharperandall towersareproperlydetected.Theaverageprocessing
time is onehouron a 2.8GHzXeoncomputerfor producing11MPixel of theDEM by
matching5 imageswith anaveragedisparityrangeof 400pixel. The �fth row of Fig.
4 shows reconstructions,usingtheortho imageaswell astheS1andS2 images(e.g.
Fig. 1) for topandsidetextures.Thelastrow presentsreconstructionsof a110km2 area
of Berlin in aresolutionof 20cm/pixel.Theareahasbeencapturedby 6 parallel,partly
overlapping�ights. Each�ight contributedapproximately1 billion heightvaluesto the
DEM. Thetotalprocessingtimewas18daysona 2.8GHzXeoncomputer.
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5 Conclusion

It hasbeenshown thatepipolarlinescanbeef�ciently calculatedin generalnon-linear
pushbroomimages.This permitstheminimizationof thecorrespondencesearchrange
for usingthe accurate,but memoryintensive Semi-GlobalMatchingmethod.Experi-
mentscon�rmed thattheproposedstereoprocessingsolutionperformsaccuratematch-
ing of urbanterrainwith sharpboundariesof buildings.Theapproachpermitsthe ef-
�cient andfully automatic3D reconstructionof wholecities.Futureplansincludethe
implementationof theapproachona processingcluster.
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