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ABSTRACT

In this paperwe focuson a detail concerningthe estimationof exterior orientationparameter®f the High Resolution
StereoCamera(HRSC) orbiting planetMars during the EuropeanMars Expressmission. One of the challengedor
the photogrammetrigprocessinggf HRSCimageswill be the low numberof GroundControl Points(GCP's) on Mars
which canbeidenti ed andmeasuredn theimagesin the usualway. Therefore,we wantto useMars Obserer Laser
Altimeter (MOLA)-data as control informationin the photogrammetridundle adjustmenbf HRSCimages. Here,we
discussadwantagesand disadwantagef alternatve approacheso improve exterior orientationparameteremploying
MOLA-data. The rst approacrassumeshateachMOLA pointliesin aplanede ned by treeneighboringHRSCpoints.
A similar approactcouldbe applied,if therearelessHRSCpointsthanMOLA points. In this casewe couldtake three
MOLA pointsin the neighborhooaf eachHRSCpoint. The lastapproachwe wantto discusausesa grid-basedDigital

TerrainModel (DTM) which hasbeenderived from MOLA-data.

1 INTRODUCTION

The reconstructiorof the exterior orientationis a funda-
mentaltaskin photogrammetry An establishecbrocess
to determingheseorientationgparameterss bundleblock
adjustmentj.e., simultaneousestimationof exterior ori-
entationparametersand coordinatesof objectpoints. In
generaltheclassicaphotogrammetripointdetermination
requiresconjugatepoints,interior orientation,approxima-
tions for exterior orientation,and Ground Control Points
(GCPSs). On eartha reductionof GCPS is possiblebe-
causehighly accurateGPS/INS-datds available.On Mars
we do not have GPSandthe obsened exterior orientation
is not accurateenoughto usethemfor bundle adjustment
without GCPs.

For Mars Expressmissionconjugate pointswill be mea-
suredautomaticallyby meansof imagematching.Interior
orientationis supposedo be known from calibration.Ob-
senationsfor the exterior orientationwill be derivedfrom
Inertial Measurementnit (IMU) measurementand or-
bit analysis.However, theseobsenationsfor the parame-
tersof the exterior orientationwill probablynotbe precise
enoughfor a consistenphotogrammetripoint determina-
tion onagloballevel. Theorbit determinatiorerrorsatthe
pericentres radial 1 — 80 m, alongvelocity 10 — 2120m
and out of orbit plane2.5 - 800 m (Hechlerand Y afez,
2000), but they cansene asapproximatevalues. There-
fore, we needadditionalcontrolinformationin orderto t
photogrammetricallgerivedobjectpointsinto theexisting
referencesystemon Mars.

On Marsthereareonly few preciselyknovn pointswhich
cansere asclassicalGCP's. But thereis a large number
of ground points measuredy Mars Obserer LaserAl-

timeter(MOLA). Unfortunatelyit is hardto automatically
identify MOLA pointsin imagespecausehey areusually
not relatedto imagefeatures.In somecaseghe approach
to matchMOLA andimagedataas proposedby (Kim et
al.,2000)canbehelpful. However, it mightbetoodif cult
to embedthis approacthin the operationaphotogrammet-
ric processing.Therefore,our intentionis to usecontrol
surfacesderived from the MOLA pointsratherthanusing
MOLA pointsasindividual controlpoints.

In Section2 we describehe MOLA- andHigh Resolution
StereoCamera(HRSC)-dataand their quality. Previous
approachearegivenin Section3. Then,in Section4 we
discusddifferentapproacheso integrateMOLA-datain a
bundle adjustmenbf HRSC-data.For eachapproactthe
mathematicaimodelis describedIn Section5 a summary
andanoutlookaregiven.

2 DATA SOURCES
2.1 Mars Observer Laser Altimeter (MOLA)

In Februaryl999the MarsGlobal Suneyor (MGS) space-
craftenteredhemappingorbit atMars. Duringtherecord-
ing time (Februaryl999to June2001)the MOLA instru-
ment acquiredmore than 640 million measurementby
measuringhe distancesetweenthe orbiter andthe sur
faceof Mars. After processinghisaltimetermeasurements
with orbit andattitudedataobjectcoordinate®f pointson
the ground can be calculated. Eachorbit resultsin one
trackof MOLA points.

Thealongtrack distanceresolutionis about330 m with a
verticalneighboringprecisionof 37.5cm, i.e., from shotto



shot. Theabsoluteverticalaccuray is betterthan10m, but

it dependsn accurag of reconstructiorof radial space-
craftorbit. The surfacespotsizeis about130m (Smithet

al., 2000), (Smith and Zuber 2002), (Smith, 2003). The

across-traclshotto shotspacingdependsn the orbit and
varieswith latitude. The variation betweenneighboring
tracksis upto morethanl km (Kirk etal., 2002).

In additionto the surfacedescribedby the original, irreg-
ularly distributed MOLA pointsthereexists a grid-based
globalDigital TerrainModel (DTM) whichis derivedfrom
theseMOLA points(seeFigurel).

Figurel: Partof MarsDTM, derivedfrom MOLA-data

As mentionedbefore, the specialthing about the laser
pointsis, thatthey cannotbeidenti ed in theimagesn an
easyway. l.e.,imagecoordinatef mostof thesepoints
cannotbemeasuredandthereforewe arenotableto treat
themasnormalGCP'sin abundleadjustment.

Anotherproblemof MOLA datais thatthe surfacepoints

containscanerrorsdueto referencingerrorsof spacecraft.

Theeliminationof the scanerroris possiblewith a robust
interpolation. However, dueto roughnes®f Mars, points
in regionswithout scanerrorwill be eliminated,too. Bet-
terresultwill bereachedy analyzingscanline segments
(Brieseetal., 2002),(Dorningeretal., 2003).

2.2 High Resolution Stereo Camera (HRSC)

The HRSC-dataare not yet available becauseMars Ex-
presswith the HRSC (see Figure 2) on board will be
launchedin June2003. In December2003 the orbiting
phasewill begin andthe rst imageswill beacquired.

Figure2: High ResolutionSterecCamergSource:DLR)

TheHRSCis aline sensomith nine CCD-lines.It hasone
nadir channel four stereochannelsandfour color chan-
nels. Theimagesaregeneratedy catenatinghe lines of
eachsensarTheresultis oneimagepersensoiline andor-
bit. The pixel sizeon groundof 10— 12 m will bereached
atanaltitudeof 250km at pericentreandincreaseo 50 m
atanaltitudeof 1000km (NeukumandHoffmann,2000).

Conjugate points will be measuredautomaticallyin the
HRSCimagesby meansof imagematching. In addition,
the delivereddatawill containthe position-and attitude-
data of the orbiter Interior orientation parametersof
HRSChave beencalibratedn laboratoryandareexpected
to bestable.

2.3 Comparison of data

The MOLA pointsare characterizedby their relative low

pointdensitycomparedo thepointdensitywe expectfrom

HRSCimages.With respecto ourgoalthemostimportant
featureis the good global accurag of the MOLA points.
Therelative accurag betweemeighboringpointsderived
from HRSC-datas supposedo bebetterthantheaccurag

betweenneighboringMOLA points but the global accu-
ragy will beworse. Thisis becauseheaccurag of HRSC
pointsis limited by precisionof the obsened exterior ori-

entationparameters.

Our intention is to improve the estimationof the exte-
rior orientationparametersising the advantagesof both
datasources We usethe MOLA-dataascontrolinforma-
tion in thebundleadjustmenbf the HRSC-,position-,and
attitude-data.

3 PREVIOUS APPROACHES

Relatedwork ontheuseof controlsurfacedor theorienta-
tion of aerialimageshasbeenpresentede.g., by (Ebner
and Strunz, 1988). This approachdescribesthe use of
DTM as additional or exclusive control information for
aerialtriangulation.They investigatethe conditionsfor the
datumdeterminatiorby exclusive useof DTM. Finally, by
meanof simulationghey analyzetheaccurag achievable
with DTM ascontrolinformation.

(Jaw, 2000) describesa model in which the surface in-
formationis integratedinto the aerialtriangulationwork-
ow. Here,the surfaceinformationis derived from air-
bornelaserrange nder andthe objectpointsarederived
from manualmeasurementr matching.Theobjectpoints
togetherwith the adjustedsurface points provide an im-
proveddescriptionof the surface.

An approachto optimize orientationparameterss given
in (Odaet al., 2000). They usea method,called Digi-
tal SurfaceModel BasedOrientationTechniquefor stereo
imageorientationbasedon imageregistrationtechniques.
Theconcepis to optimizethesix orientationparametersf
eachimagein asteregpair. Theapproachdoesnotrequire
classicalGCP's but usesadigital surfacemodel.



Startingpointof ourdiscussionn Sectiord istheapproach
of (Ebnerand Ohlhof, 1994). This approachdescribesa

point determinationwithout classicalGCP's. As control

informationthey useterrain pointswhich have not to be

identi ed in the images. In their approachthe conjucate
points are acquiredin sucha way, that at leastthreeob-

jectpointsarearrangedn thesurrounding®f eachcontrol

point. The approachassumeghat all thesepointslie on

theterrainsurface.Themathematicamodelfor thebundle
adjustmentncludesthree obsenation equationsfor each
GCP(Equation(1))
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andoneconditionequation(Equation(2)).
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The condition equationpostulateghat the control point,
i.e.,thenew GCRis locatedin aninclined plane,whichis
de ned by thetreesurroundingpbjectpoints.

Computessimulationg EbnerandOhlhof,1994)have been
carriedout with additionalor exclusive control informa-
tion to validatetheuseof thisapproachThesesimulations
werebasedon 121 aerialimages,with animagescaleof

1:10000. Four differentcaseshave beeninvesticgated. In

caseA a classicalblock triangulationwas usedwith 20
conventional3D-GCP5s and 16 height GCP's. In caseB

the height control points are replacedby 16 nev GCPS.
four corventional3D-GCPSs and32 nev GCPswereused
in caseC. In caseD thecorventionalGCP'sarecompletely
replacedoy 36 new GCPS.

The resultsof caseA andB shaw thatthe heightcontrol
pointscanbe replacedwithout ary lossof accurag. The
resultsof caseC andD shav thatthe heightaccuray is
quite independentrom terrainslope. Whereasthe plani-
metric accuray depend®n theterraintype andmoreac-
curateresultscanbeachievedfor rougherterrain.

4 POSSIBLE APPROACHES FOR MARS
EXPRESS

If we transfertheapproactof (EbnerandOhlhof,1994)to
ourgoal,thenthe HRSCpointsarethe objectpointsde n-

ing the inclined plane. Therole of the new GCP's corre-
spondgo therole of the MOLA points. (seeFigure3).

The obsenationsin the LeastSquareAdjustmentarethe
image coordinatesof tie points, the interior orientation,
the position- and attitude data, and someof the MOLA
pointswhich sene asanew typeof GCP's. Theunknavns
are the exterior orientation,the object coordinatesof tie
points,andcoordinate®f nev GCPS. In additionto posi-
tion andattitudethe exterior orientationincludesparame-
tersfor biasanddrift. In thefollowing approacheéSection
4.1,4.2,4.3) mostof obsenationsandunknavns will be
thesame.

Z HRSC - mesh (3 points)

MOLA - point

Figure3: Fitting MOLA pointsin planesde ned by HRSC
points

SinceHRSCpointsaswell asMOLA pointsaretreatedas
unknavnsin the proposedtonditionequationsthis would
resultin a LeastSquaresAdjustmentwith conditionsbe-
tweenunknavns. This imposessomedisadantagesand
also the numberof unknavns will raise approximately
about30%.

4.1 Fitting MOLA pointsin HRSC surface

A possibility to simplify the approachwould be to take
the distanced (seeFigure4) from the MOLA pointto the
planede ned by threeneighboringHRSCpointsasobser
vationandnot to treatthe coordinateof the MOLA point
asunknowns.

H; 3: HRSC mesh
M: MOLA point
d: distance between MOLA H3

point and HRSC mesh

Figure4: Fitting MOLA pointin planede ned by HRSC
points

In the mathematicamodel of the bundle adjustmentthe
conditionequationcanbereducedo anobserationequa-
tion (Equation(3)) with nine unknavns (X, ; Y4, ; 24,

i = 1.::3), oneobseration (d = 0) andthreeconstants
(Xwm ; Ym ; Zwm) for eachmesh.The standarddeviation 4
will bedeterminedy thestandardleviation of the MOLA
point.
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Thus, the mathematicaformulationis slightly lessexact,
but theimplementatiorof a LeastSquare®Adjustmentbe-
comesmuch easierwithout conditionsbetweenthe un-
knowns.

However, astheabore mentionedapproactalsothis modi-

ed approachs applicableonly if thereareenoughHRSC
pointsto de ne rathersmallmeshesroundViIOLA points.
In addition,the pointshave to be suitablyarranged.

4.2 Fitting HRSC pointsin MOLA surface

Anotherapproacttouldbeapplied,if therearelessHRSC
pointsthan MOLA points,i.e., if the MOLA meshesare
smallerthenthe HRSCmeshesin this casewe couldtake
threeMOLA pointsin the surrounding®f a HRSCpoint.
Now, the MOLA pointsde ne the planewhich mustcon-
tainthe HRSCpoint (seeFigureb).

M; 3: MOLA mesh

H: HRSC point

d: distance between HRSC
point and MOLA mesh

Figure5: Fitting HRSCpointin planede ned by MOLA
points

The obsenation equation(Equation(4)) for this caseis
similar to Equation(3) in Section4.1. It describeshe
mathematicalrelation betweenthe distanced from the
MOLA planeto the HRSCpoint.
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For eachmeshthe numberof unknavnswill bereducedo
threeunknavns (X ; Yu ; 21 ) comparedo Section4.1.
The total numberof unknavn point coordinatesloesnot
change. But now there are separateequationsfor each
HRSC point. Furthermore we have again one obsera-
tion (d = 0) and now nine constants(Xm,; Ym,;Zwm;, ,
i = 1:::3). Here,the standarddeviation 4 will be de-
terminedby the standardieviation of threeMOLA points
M1, My, andMg.

This approachis advantageousif we have more MOLA
pointsthanHRSC points. However, the problemremains
that the HRSC and MOLA points mustbe 'suitably' ar-
ranged.

4.3 Fitting HRSC pointsin grid basedMOLA DTM

The last approachwe wantto discussusesa DTM which
is derivedfrom MOLA points. This approactcorresponds
to (Ebnerand Strunz,1988)in Section3. In this casethe
HRSC pointshave to lie on a bilinear surfacede ned by

4

M 4: MOLA DTM mesh derived
from MOLA points
H: HRSC point
d: distance between HRSC point
and MOLA DTM-surface

Figure 6: Fitting HRSC pointin bilinear surfacede ned
by MOLA DTM

four neighboringDTM points, which enclosethe HRSC
point (seeFigure6).

The adwantageof this approacthis thatthe effort to search
for adequat@eighboringVlOLA pointsis reducedecause
theDTM is regular Also, thereis no needfor aspecialpa-
rameterizatiorof the matchingalgorithmto nd conjucate
pointsnext to suitableMOLA points. The maindravback
of this approactis thatit doesnot usethe original MOLA
pointshut interpolateddTM points.

In this casethe obsenation equationis the similar to the
precedingapproach(Equation(4)). Only the numberof
constantsncreaseso twelve (X, ; Xwm;;Zwm,, 1 = 1:::4)
andstandarddeviation 4 will be determinecby the stan-
darddeviation of four DTM pointsM 1, M, M3, andM .
Thenumberof unknavnsandobsenations(d = 0) arethe
same.

5 SUMMARY AND OUTLOOK

In principle, all the approachesescribedn Section4 can
be emplgyed in a bundle adjustmentto achieve an im-
provedexterior orientation.But theeffort to integratethem
in a bundle adjustmeniprogramdiffers andwhat is even
more important, someapproachesauseimplicationson
previousimagematchingsteps.

MostMOLA pointscanbeusedn bundleadjustmentBut,
theuseof MOLA pointswith scanerrorscausegroblems.
It is necessaryo eliminatetheseerrorsbeforethe bundle
adjustmentsincethe GCP's shouldbereliable.

Basedon the results of the simulationsin (Ebner and
Ohlhof, 1994) with aerial imagery we expect that the
MOLA pointsleadto high globalaccurag of exterior ori-
entationandobjectcoordinates Furthermorethe simula-
tionsshaw thattheplanimetricaccurag dependsnterrain
slope. If theterrainslopeincreasesthe planimetricaccu-
rag increasefoo.

This discussiorof the prosandconsof thesedifferentap-
proacheswill sene asbasisfor our decisionto selectthe



mostappropriateone. Thenour next stepwill beto carry
out simulationstudiesfor the mostpromisingapproaches
in order to evaluatethe potential of the use of MOLA
points as control information. As well, the numberand
selectionof the MOLA points mustbe clari ed in these
futuresimulations.
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