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ABSTRACT

In this paperwe focuson a detail concerningthe estimationof exterior orientationparametersof the High Resolution
StereoCamera(HRSC) orbiting planetMars during the EuropeanMars Expressmission. One of the challengesfor
the photogrammetricprocessingof HRSCimageswill be the low numberof GroundControl Points(GCP's) on Mars
which canbe identi�ed andmeasuredin the imagesin the usualway. Therefore,we want to useMars Observer Laser
Altimeter (MOLA)-data ascontrol informationin the photogrammetricbundleadjustmentof HRSCimages.Here,we
discussadvantagesanddisadvantagesof alternative approachesto improve exterior orientationparametersemploying
MOLA-data.The�rst approachassumesthateachMOLA point lies in aplanede�ned by treeneighboringHRSCpoints.
A similar approachcouldbeapplied,if therearelessHRSCpointsthanMOLA points. In this casewe couldtake three
MOLA pointsin theneighborhoodof eachHRSCpoint. Thelastapproachwe wantto discussusesa grid-basedDigital
TerrainModel (DTM) whichhasbeenderivedfrom MOLA-data.

1 INTRODUCTION

The reconstructionof the exterior orientationis a funda-
mental task in photogrammetry. An establishedprocess
to determinetheseorientationsparametersis bundleblock
adjustment,i.e., simultaneousestimationof exterior ori-
entationparametersand coordinatesof object points. In
general,theclassicalphotogrammetricpointdetermination
requiresconjugatepoints,interior orientation,approxima-
tions for exterior orientation,andGroundControl Points
(GCP's). On eartha reductionof GCP's is possiblebe-
causehighly accurateGPS/INS-datais available.OnMars
we do not have GPSandtheobservedexterior orientation
is not accurateenoughto usethemfor bundleadjustment
withoutGCP's.

For Mars Expressmissionconjugatepointswill be mea-
suredautomaticallyby meansof imagematching.Interior
orientationis supposedto beknown from calibration.Ob-
servationsfor theexterior orientationwill bederivedfrom
Inertial MeasurementUnit (IMU) measurementsand or-
bit analysis.However, theseobservationsfor theparame-
tersof theexteriororientationwill probablynotbeprecise
enoughfor aconsistentphotogrammetricpointdetermina-
tion onagloballevel. Theorbit determinationerrorsat the
pericentreis radial1 – 80 m, alongvelocity 10 – 2120m
andout of orbit plane2.5 – 800 m (HechlerandYáñez,
2000),but they canserve asapproximatevalues. There-
fore,we needadditionalcontrol informationin orderto �t
photogrammetricallyderivedobjectpointsinto theexisting
referencesystemonMars.

On Marsthereareonly few preciselyknown pointswhich
canserve asclassicalGCP's. But thereis a largenumber
of groundpoints measuredby Mars Observer LaserAl-

timeter(MOLA). Unfortunately, it is hardto automatically
identify MOLA pointsin images,becausethey areusually
not relatedto imagefeatures.In somecasestheapproach
to matchMOLA andimagedataasproposedby (Kim et
al.,2000)canbehelpful. However, it mightbetoodif�cult
to embedthis approachin theoperationalphotogrammet-
ric processing.Therefore,our intention is to usecontrol
surfacesderived from theMOLA pointsratherthanusing
MOLA pointsasindividual controlpoints.

In Section2 wedescribetheMOLA- andHigh Resolution
StereoCamera(HRSC)-dataand their quality. Previous
approachesaregiven in Section3. Then,in Section4 we
discussdifferentapproachesto integrateMOLA-data in a
bundleadjustmentof HRSC-data.For eachapproachthe
mathematicalmodelis described.In Section5 a summary
andanoutlookaregiven.

2 DATA SOURCES

2.1 Mars Observer Laser Altimeter (MOLA)

In February1999theMarsGlobalSurveyor (MGS)space-
craftenteredthemappingorbit atMars.Duringtherecord-
ing time (February1999to June2001)theMOLA instru-
ment acquiredmore than 640 million measurementsby
measuringthe distancesbetweenthe orbiter and the sur-
faceof Mars.After processingthisaltimetermeasurements
with orbit andattitudedataobjectcoordinatesof pointson
the groundcan be calculated. Eachorbit resultsin one
trackof MOLA points.

Thealongtrackdistanceresolutionis about330m with a
verticalneighboringprecisionof 37.5cm,i.e.,from shotto



shot.Theabsoluteverticalaccuracy is betterthan10m,but
it dependson accuracy of reconstructionof radial space-
craft orbit. Thesurfacespotsizeis about130m (Smithet
al., 2000), (Smith andZuber, 2002), (Smith, 2003). The
across-trackshotto shotspacingdependson theorbit and
varieswith latitude. The variation betweenneighboring
tracksis up to morethan1 km (Kirk etal., 2002).

In additionto thesurfacedescribedby theoriginal, irreg-
ularly distributedMOLA points thereexists a grid-based
globalDigital TerrainModel(DTM) whichis derivedfrom
theseMOLA points(seeFigure1).

Figure1: Part of MarsDTM, derivedfrom MOLA-data

As mentionedbefore, the special thing about the laser
pointsis, thatthey cannotbeidenti�ed in theimagesin an
easyway. I.e., imagecoordinatesof mostof thesepoints
cannotbemeasured,andtherefore,wearenotableto treat
themasnormalGCP's in abundleadjustment.

Anotherproblemof MOLA datais that thesurfacepoints
containscanerrorsdueto referencingerrorsof spacecraft.
Theeliminationof thescanerror is possiblewith a robust
interpolation.However, dueto roughnessof Mars,points
in regionswithout scanerrorwill beeliminated,too. Bet-
ter resultwill bereachedby analyzingscanline segments
(Brieseetal., 2002),(Dorningeretal., 2003).

2.2 High ResolutionStereoCamera (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 ResolutionStereoCamera(Source:DLR)

TheHRSCis a line sensorwith nineCCD-lines.It hasone
nadir channel,four stereochannels,andfour color chan-
nels. The imagesaregeneratedby catenatingthe linesof
eachsensor. Theresultis oneimagepersensor-line andor-
bit. Thepixel sizeon groundof 10 – 12 m will bereached
at analtitudeof 250km at pericentreandincreaseto 50 m
atanaltitudeof 1000km (NeukumandHoffmann,2000).

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

2.3 Comparisonof data

The MOLA pointsarecharacterizedby their relative low
pointdensitycomparedto thepointdensityweexpectfrom
HRSCimages.With respectto ourgoalthemostimportant
featureis the goodglobal accuracy of the MOLA points.
Therelative accuracy betweenneighboringpointsderived
from HRSC-datais supposedto bebetterthantheaccuracy
betweenneighboringMOLA points but the global accu-
racy will beworse.This is becausetheaccuracy of HRSC
pointsis limited by precisionof theobservedexterior ori-
entationparameters.

Our intention is to improve the estimationof the exte-
rior orientationparametersusing the advantagesof both
datasources.We usetheMOLA-dataascontrol informa-
tion in thebundleadjustmentof theHRSC-,position-,and
attitude-data.

3 PREVIOUS APPROACHES

Relatedwork ontheuseof controlsurfacesfor theorienta-
tion of aerial imageshasbeenpresented,e.g.,by (Ebner
and Strunz, 1988). This approachdescribesthe use of
DTM as additional or exclusive control information for
aerialtriangulation.They investigatetheconditionsfor the
datumdeterminationby exclusiveuseof DTM. Finally, by
meansof simulationsthey analyzetheaccuracy achievable
with DTM ascontrolinformation.

(Jaw, 2000) describesa model in which the surface in-
formationis integratedinto the aerial triangulationwork-
�o w. Here, the surfaceinformation is derived from air-
bornelaserrange�nder andthe objectpointsarederived
frommanualmeasurementsor matching.Theobjectpoints
togetherwith the adjustedsurfacepoints provide an im-
proveddescriptionof thesurface.

An approachto optimize orientationparametersis given
in (Oda et al., 2000). They usea method,called Digi-
tal SurfaceModelBasedOrientationTechnique,for stereo
imageorientationbasedon imageregistrationtechniques.
Theconceptis to optimizethesix orientationparametersof
eachimagein astereopair. Theapproachdoesnot require
classicalGCP's but usesadigital surfacemodel.



Startingpointof ourdiscussionin Section4 is theapproach
of (EbnerandOhlhof, 1994). This approachdescribesa
point determinationwithout classicalGCP's. As control
information they useterrainpointswhich have not to be
identi�ed in the images. In their approachthe conjugate
pointsareacquiredin sucha way, that at leastthreeob-
jectpointsarearrangedin thesurroundingsof eachcontrol
point. The approachassumesthat all thesepoints lie on
theterrainsurface.Themathematicalmodelfor thebundle
adjustmentincludesthreeobservation equationsfor each
GCP(Equation(1))

v̂X GC P = X̂ GC P � X GC P

v̂YGC P = ŶGC P � YGC P (1)

v̂Z GC P = ẐGC P � ZGC P

andoneconditionequation(Equation(2)).

ẐGC P � ẐGC P (X̂ GC P ; ŶGC P ; X̂ k ; Ŷk ; Ẑk ) = 0 (2)

The condition equationpostulatesthat the control point,
i.e., thenew GCP, is locatedin aninclinedplane,which is
de�ned by thetreesurroundingobjectpoints.

Computersimulations(EbnerandOhlhof,1994)havebeen
carriedout with additionalor exclusive control informa-
tion to validatetheuseof thisapproach.Thesesimulations
werebasedon 121 aerial images,with an imagescaleof
1:10000. Four differentcaseshave beeninvestigated. In
caseA a classicalblock triangulationwas usedwith 20
conventional3D-GCP's and16 heightGCP's. In caseB
the heightcontrol pointsare replacedby 16 new GCP's.
four conventional3D-GCP'sand32new GCP'swereused
in caseC. In caseD theconventionalGCP'sarecompletely
replacedby 36new GCP's.

The resultsof caseA andB show that the heightcontrol
pointscanbe replacedwithout any lossof accuracy. The
resultsof caseC andD show that the heightaccuracy is
quite independentfrom terrainslope.Whereas,theplani-
metricaccuracy dependson the terraintypeandmoreac-
curateresultscanbeachievedfor rougherterrain.

4 POSSIBLE APPROACHES FOR MARS
EXPRESS

If wetransfertheapproachof (EbnerandOhlhof,1994)to
ourgoal,thentheHRSCpointsaretheobjectpointsde�n-
ing the inclined plane. The role of the new GCP's corre-
spondsto theroleof theMOLA points.(seeFigure3).

Theobservationsin theLeastSquaresAdjustmentarethe
image coordinatesof tie points, the interior orientation,
the position- and attitudedata,and someof the MOLA
pointswhichserveasanew typeof GCP's. Theunknowns
are the exterior orientation,the object coordinatesof tie
points,andcoordinatesof new GCP's. In additionto posi-
tion andattitudetheexterior orientationincludesparame-
tersfor biasanddrift. In thefollowing approaches(Section
4.1, 4.2, 4.3) mostof observationsandunknowns will be
thesame.

MOLA - point

HRSC - mesh (3 points)

Figure3: Fitting MOLA pointsin planesde�nedby HRSC
points

SinceHRSCpointsaswell asMOLA pointsaretreatedas
unknownsin theproposedconditionequations,this would
result in a LeastSquaresAdjustmentwith conditionsbe-
tweenunknowns. This imposessomedisadvantagesand
also the numberof unknowns will raise approximately
about30%.

4.1 Fitting MOLA points in HRSC surface

A possibility to simplify the approachwould be to take
thedistanced (seeFigure4) from theMOLA point to the
planede�ned by threeneighboringHRSCpointsasobser-
vationandnot to treatthecoordinatesof theMOLA point
asunknowns.

M

d

M: MOLA point
d: distance between MOLA

point and HRSC mesh

H2

H3

H1

H    : HRSC mesh1..3

Figure4: Fitting MOLA point in planede�ned by HRSC
points

In the mathematicalmodel of the bundle adjustmentthe
conditionequationcanbereducedto anobservationequa-
tion (Equation(3)) with nine unknowns (X̂ H i ; ŶH i ; ẐH i ,
i = 1:::3), oneobservation (d = 0) and threeconstants
(X M ; YM ; ZM ) for eachmesh.Thestandarddeviation � d
will bedeterminedby thestandarddeviationof theMOLA
point.

v̂d + d = f (X̂ H i ; ŶH i ; ẐH i ; X M ; YM ; ZM ) (3)



Thus,the mathematicalformulationis slightly lessexact,
but theimplementationof a LeastSquaresAdjustmentbe-
comesmuch easierwithout conditionsbetweenthe un-
knowns.

However, astheabovementionedapproachalsothismodi-
�ed approachis applicableonly if thereareenoughHRSC
pointsto de�ne rathersmallmeshesaroundMOLA points.
In addition,thepointshave to besuitablyarranged.

4.2 Fitting HRSC points in MOLA surface

Anotherapproachcouldbeapplied,if therearelessHRSC
points thanMOLA points, i.e., if the MOLA meshesare
smallerthentheHRSCmeshes.In this casewecouldtake
threeMOLA pointsin thesurroundingsof a HRSCpoint.
Now, theMOLA pointsde�ne theplanewhich mustcon-
tain theHRSCpoint (seeFigure5).
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H: HRSC point
d: distance between HRSC

point and MOLA mesh
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M3

M1

M    : MOLA mesh1..3

Figure5: Fitting HRSCpoint in planede�ned by MOLA
points

The observation equation(Equation(4)) for this caseis
similar to Equation(3) in Section4.1. It describesthe
mathematicalrelation betweenthe distanced from the
MOLA planeto theHRSCpoint.

v̂d + d = f (X̂ H ; ŶH ; ẐH ; X M i ; YM i ; ZM i ) (4)

For eachmeshthenumberof unknownswill bereducedto
threeunknowns (X̂ H ; ŶH ; ẐH ) comparedto Section4.1.
The total numberof unknown point coordinatesdoesnot
change. But now there are separateequationsfor each
HRSC point. Furthermore,we have again one observa-
tion (d = 0) and now nine constants(X M i ; YM i ; ZM i ,
i = 1:::3). Here, the standarddeviation � d will be de-
terminedby thestandarddeviation of threeMOLA points
M 1, M 2, andM 3.

This approachis advantageous,if we have moreMOLA
pointsthanHRSCpoints. However, theproblemremains
that the HRSC and MOLA points must be 'suitably' ar-
ranged.

4.3 Fitting HRSC points in grid basedMOLA DTM

The last approachwe want to discussusesa DTM which
is derivedfrom MOLA points.This approachcorresponds
to (EbnerandStrunz,1988)in Section3. In this case,the
HRSCpointshave to lie on a bilinear surfacede�ned by

H

d

H: HRSC point
d: distance between HRSC point

and MOLA DTM-surface

M3
M1

M    : MOLA DTM mesh derived
from MOLA points

1..4

M

MM4

M2M

Figure6: Fitting HRSCpoint in bilinear surfacede�ned
by MOLA DTM

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

Theadvantageof this approachis that theeffort to search
for adequateneighboringMOLA pointsis reducedbecause
theDTM is regular. Also, thereis noneedfor aspecialpa-
rameterizationof thematchingalgorithmto �nd conjugate
pointsnext to suitableMOLA points.Themaindrawback
of this approachis that it doesnot usetheoriginal MOLA
pointsbut interpolatedDTM points.

In this casethe observation equationis the similar to the
precedingapproach(Equation(4)). Only the numberof
constantsincreasesto twelve (X M i ; X M i ; ZM i , i = 1:::4)
andstandarddeviation � d will bedeterminedby thestan-
darddeviation of four DTM pointsM 1, M 2, M 3, andM 4.
Thenumberof unknownsandobservations(d = 0) arethe
same.

5 SUMMARY AND OUTLOOK

In principle,all theapproachesdescribedin Section4 can
be employed in a bundle adjustmentto achieve an im-
provedexteriororientation.But theeffort to integratethem
in a bundleadjustmentprogramdiffers andwhat is even
more important,someapproachescauseimplicationson
previousimagematchingsteps.

MostMOLA pointscanbeusedin bundleadjustment.But,
theuseof MOLA pointswith scanerrorscausesproblems.
It is necessaryto eliminatetheseerrorsbeforethe bundle
adjustment,sincetheGCP's shouldbereliable.

Basedon the results of the simulationsin (Ebner and
Ohlhof, 1994) with aerial imagery we expect that the
MOLA pointsleadto high globalaccuracy of exterior ori-
entationandobjectcoordinates.Furthermore,thesimula-
tionsshow thattheplanimetricaccuracy dependsonterrain
slope. If the terrainslopeincreases,theplanimetricaccu-
racy increase,too.

This discussionof theprosandconsof thesedifferentap-
proacheswill serve asbasisfor our decisionto selectthe



mostappropriateone. Thenour next stepwill be to 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 must be clari�ed in these
futuresimulations.
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