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ABSTRACT

Theherepresentedresearchis partof aprojecton “MassBalanceDeterminationof Glacierswith theUseof State-of-the-
artRemoteSensingMethodsandaNumericalFlow Model”. To achievetheaimsof theproject,observationsfrom remote
sensingandground-basedinstrumentsarecombinedin anumericalmodel.Remotesensinginvolvesdigital aerialimages
andlaserscanning.Other technologies,like SAR, areproblematicin the steep,mountainousSwissterrain. Required
productsfrom remotesensingis a surfacemodelof thewholeglacierwith anaccuracy of ca. 0.5–1m in time periodsof
1–5years.TheUnteraargletscher, BerneseAlps, Switzerland,hasbeenchosento testbothmethods,asthis glacierhas
beenextensively studiedby glaciologistsduringthepastdecade.
In 1998,theimagesandthelaserdatawereacquiredwith smalltimedifference,thusacomparisonof thetwo measurement
techniquesbecomesfeasible.Regardinglaserdataprocessing,differentaspectslike systemdescription,flight planning,
positionandattitudedetermination,transformationto the Swissmapcoordinatesystem,fit of overlappinglaserstrips
andproblemsencounteredarepresented.Threeselecteddigital photogrammetricsystems(Match-T, LHS DPW 770,
andVirtuoZo) wereusedfor the1998photographs.The resultswereevaluatedusingaccuratemanualmeasurementsat
ananalyticalplotter. Thedifferentmatchingalgorithmsandstrategies,occurredmatchingproblemsdueto low texture,
shadows,steepslopesetc.andaquantitativeandqualitativeevaluationof theresultsarepresented.Finally, acomparison
betweenphotogrammetryandlaserscanningregardingaccuracy andpointdensitywill bemade.

1 INTRODUCTION

1.1 Background

Monitoring volumechangesof small alpineglaciersis importantfor a numberof reasons.Alpine glaciersaresensitive
to changesin local climate(e.g.Orlemans,1994),andmaycontributesignificantlyto sealevel variations(Meier, 1984).
Estimatesof volumechangescanbeusedto validatecalculationsof netmassbalancebasedon traditionalstake methods
(Funketal.,1997),andto testtheoreticalconceptsabouttheresponseof glaciersto changesin climate(Jóhannessonetal.,
1989).An alternative to thetime consumingglaciologicalmethod(stake measurements)for estimatingnetmassbalance
is to usevolumechangesfrom a setof digital elevationmodels(DEMs) from two differenttime periods.Up to now this
productwasderivedmanuallyby analyticalphotogrammetry. For that,periodicimagesin scale1:10000–1:15000flown
in Augustor Septemberwereused. The aim of the presentedresearchwasto automateandspeedup this processand
improvethespatio-temporaldensityandaccuracy of themeasurements.

Airborne laseraltimetry hasonly recentlybeenintroducedto glaciology. First testswith laserprofiling on glaciershas
beendonee.g.by Echelmeyeret al. (1996)andGeigeret al. (1994). DEMs over theGreenlandice sheetwith 10–20cm
accuracy in heightweremeasuredby NASA usinga scanninglaseraltimeterfirst by Garvin andWilliams (1993) and
laterby Thomaset al. (1995).KennettandEiken(1997)havemadelaserscanningmeasurementsof aNorwegianglacier
with a nominalaccuracy in heightof 10–20cm. In evaluatingthe performanceof the laserscanningsystemusedfor
theUnteraargletscher, similar resultsin termsof heightaccuracy werefound(Favey et al., 1999a).In thefollowing, we
investigatethequalityof DEMsderivedfrom laserscanningandphotogrammetry.

Basedon previous investigations,it wasshown thatdigital imagematchingcanleadto goodresults,if grosserrorscan
be reliably detectedandexcluded(Baltsavias et al., 1996). Theseresultswerefor the lower part of the glacierandthe
tongue,wheregenerallysufficient textureexists. However, for theupperfirn partsof theglacierwith only snow andice,
matchingwasexpectedto beproblematic.Airbornelaseraltimetry(ALA) is a promisingmethodfor DEM generationof
snow-coveredareasasit maybeusedindependentlyof surfacetextureandexternallight sources,it generallygivesdenser
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andmoreaccuratemeasurementsfor thegivenconditions,plusthecumbersometaskto establishandmaintainGCPsfor
photogrammetryis not needed,with theexceptionof a GPSreferencestationin thevicinity of theregion.

To permita comparisonof the two technologies,regionsin both the lower andupperglacierpartweremeasuredby the
two methods.This permitsa comparison,alsoincluding time andcostsconsiderations,so that an optimal operational
procedurefor glaciermonitoringcanbechosen.This researchis a partof anongoingprojectwhich aimsat determining
themassbalancedistributionof glaciersthroughtheuseof remotesensingmethodsandanumericalflow model,without
resortingto directfield measurements(GuðmundssonandBauder, 1999).

1.2 Available Datasets

(a)Lauteraargletscher
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(b) Map of Unteraargletscherandits contributaries

Figure1: Photographof Lauteraargletscherandmapof Unteraargletscherandits contributariesLauteraargletscher, Strah-
legggletscherandFinsteraargletschershowing thelocationof thetestsite. Thelaserscanningflight trajectory, aswell as
theapproximateboundariesof thestereomodelsaredrawn in redandoliverespecively. Thestereomodelsarenumbered
from north-westto south-eastas0099,9997,9795,9593,9392.Contourinterval: 100m

ThelaseremployedwasScaLarsII of the Instituteof Navigation,Univ. of Stuttgart,on anairplaneequippedwith GPS
andINS. This semiconductorlaserdiode transmitteroperateswith a wavelengthof 810nm, which guaranteesa good
signalreflectionon snow andice, andalsoprovidesintensityimagesby measuringgroundreflectivity (WehrandLohr,
1999). The laserbeamdivergenceis 1mrad. The laserunit usesthemultifrequency CW sidetonerangingmethod,and
performsanelliptical scanningpatternwith a measurementrateof 7.5kHz andscanninganglesof

�
9.7� and

�
13.6� in

andperpendicularto flight directionrespectively. Theswathwidth is thusabout300–500m at 600–1100m heightabove
ground. GPSmeasurementsfor positioningwereacquiredat a rateof 2Hz using two doublefrequency Trimble SSI
receivers,oneon boardtheaircraft, theotherasreferencestationon thegroundat a fixed,known locationabout15km
away from the glacier. For attitudedetermination,an inertial systemof iMAR GmbH,Germany, with a rateof 100Hz
wasused.Additionally, a GPSantennaarrayplacedon fuselage,wingsandtail of theaircraftwasusedto eliminategyro
drift effectsin a loosely-coupledimplementation(Favey etal.,1999a).Theaircraftusedfor thelaserflightsaswell asthe
photogrammetricflights wasa DeHavilland Twin Otterof theSwissFederalOfficeof Topography.

Threelasermeasurementcampaigns,in 97,98,and99,tookplace.The97resultsshowedsomeproblemsandwill notbe
treatedfurther(Favey etal.,1999b).Imagerydatawereprocessedfor theyears97and98. In 98, theimagesandthelaser
datawereacquiredwith atimedifferenceof only 2 weeks,thusacomparisonof thetwo measurementtechniquesbecomes
feasible.In thephotogrammetricprocessingof the1998images,3 digital photogrammetricsystems(Match-T, LHS DPW
770,andVirtuoZo)werecompared,usingin somecasesmultiplematchingstrategiesanddegreesof preprocessing.

Thesix B/W imagesforming a strip andcoveringtheLauteraargletscherwerescannedwith 14 micronsat a ZeissSCAI.
The usedRC 30 camerahada focal lengthof 152mm andthe averageimagescalewas1:13000. The overlapwasca.
60%for the innermodelsand80%for thetwo outerones(0099and9392). Theexpectedheightaccuracy basedon the
assumptionof 1 pixel meanerrorfor thematchingwas0.3m and0.6m for theinnerandoutermodelsrespectively. Table
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Stereopair Mean Max � -range Min � Max � # of
or dataset2 � � 1[deg] � � 1[deg] [m] [m] [m] points

0099 ���	� 
 �
�	��� ������� � �
������� � ��������� � 538
9997 ���	� 
 �
�	� 
 ����
�� � ���
����� � �

������ � 787
9795 ���	� � �
�	� � �����	� � ��������� � �
�����	� � 811
9593 ���	� � �

	� � ��������� �
���
�	� � �
������� � 896
9392 ����� 
 ����� � �����	��� ���
����� � ��������� � 1186
All-DTM ����� � �

	��� ��������� ���
����� � ��������� � 4218
All-CLIF ���	� � �

	� � ��
���� � ���
����� � ��������� � 1458
All-GLA C 
	� � ����� � ��
������ ���
����� � ��������� � 2760
All-BRKLIN 584
1Gradient computedfrom aninterpolated50m regulargrid with Sobel.
2Referencedatafor wholearea(DTM), glacieronly (GLAC), mountaincliffs only (CLIF) andbreaklines
(BRKLIN).

Table1: Somedataaboutthereferencedataset.

1 shows thecharacteristicsof theterrainwith largeheightrangeandsteepslopesfor mostmodels.Model 0099and9997
wereat theupperglacierpartwheremoretexturelesssnow andice areasexist. Thecontrolandtie pointsweremeasured
with ORIMA at a WindowsNT DPW 770systemandtheimageswereorientedtogetherin a bundleadjustmentwith the
helpof 26 signalisedpointsmeasuredwith theodoliteandanaccuracy of 1dm. Thea posterioristandarddeviationof the
adjustmentwas5 microns,andasexpectedtheresidualswerehigherat thebordermodels(especially9392).Theimage
coordinateswerecorrectedfor refraction,lensdistortionandearthcurvaturebut no additionalparameterswereusedin
thebundleadjustment,sincethey couldnot beimportedin thedigital systemsto beusedfor DSM generation.To check
theaccuracy of matchinga referencedataset(seeTable1) wasmeasuredat a Wild AC1 analyticalplotter. This included
a regulargrid of 50m spacingandalsosomebreaklines,aswe wantedto checkthematchingaccuracy at theseimportant
terrainfeaturesseparately. Theestimatedaccuracy of themeasurementswas20and40cmfor theinnerandoutermodels
respectively. For eachmodela polygoncovering the measuredareawasdefinedandthis wasusedto definethe match
areaof the digital systems.Thesepolygonswerealsodivided in areascoveringonly the glacierandthe remainingone
(mainlysteepmountainclif fs, partly with shadows). Thiswasimportantasfor theprojectonly theglacierwasimportant
but from a generalpoint of view, we alsowantedto comparetheperformanceof thedigital systemsin difficult mountain
areas.

(a)original (b) afterWallis (c) original (d) afterWallis

Figure2: Left imagepair: snow area,right imagepair: shadowedclif f. Theoriginal image(c) hasbeenstretchedto allow
visualisation.

The imageswerepreprocessedwith a Wallis filter (Baltsavias, 1991) for a radiometricequalisationof the imagesand
especiallya contrastenhancement.Latterwasnecessaryparticularlyfor thequitehomogeneoussnow andice areasand
theshadowedsteepclif fs (seeFig. 2). A first testwith DPW 770showedthat theWallis-filteredimageswerebetterthan
theoriginalones,sothey wereusedwith all 3 digital photogrammetricsystems.

2 PERFORMANCE OF DIGIT AL COMPARED TO MANUAL PHOTOGRAMMETR Y

2.1 Processingof digital versions

The digital systemscomparedwere Match-T on SGI, a Windows NT DPW 770 from LH Systemsand VirtuoZo on
Windows NT (an SGI versionof VirtuoZo wasalsotried but could not work with the 14 micron images;it seemsthat
thesystemhasan internallimit of ca.25 microns).To have anobjective comparisonthesameorientationcomingfrom
the bundle adjustmentwas used. At the time of the tests,we had not discoveredyet how to import the orientation
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with VirtuoZo, sowe repeatedtheorientationmodelwise. This causedsomedifferencesto theothersystems,but these
differenceswerebelow the accuracy level of the matchingsystems.Also for reasonsof objectivity, we tried to match
with all systemsthesamearea,with a grid spacingof 10m, and10m integergrid nodevalues.Unfortunately, this was
not alwayspossible.With DPW 770a North-Eastorientedobjectgrid with 10m spacingwasdefined.Thesystemdoes
notallow rotationof thegrid sothatit couldbealignedwith themanuallymeasuredrectangularpolygons.With Match-T
this waspossible(we also interpolateda North-Eastoriented10m regular grid andasexpectedthe results(seeTable
3) werevery similar). However, with Match-T theraw measurementsfrom which a regulargrid is interpolatedthrough
robustfiltering arevery dense(e.g.2.07million raw pointsfor 75000grid nodes).In a secondversionof Match-T, we
usedanadaptive grid strategy with densificationfactor1, i.e. thegrid spacingwasadaptedautomaticallyto 5m in steep
areasand20m in flat areas,while at therestremains10m. VirtuoZo usesanimagegrid. We tried to usea spacingof 55
pixels,correspondingca.to 10m on theground,but thematchingresultsweredisastrous(nonsensecontours,flattening
of the clif fs, very visible boundariesbetweenthe matchingblocks; VirtuoZo divides the overlapareain 9 horizontal
stripescoveringtheoverlapareafrom top to bottom).VirtuoZo seemsthat it needsanimagegrid pixel spacingwhich is
similar to thepatchsizeusedfor matching(15 ! 15pixels,correspondingto ca.2.7m objectspacing).Thus,theVirtuoZo
measurementsweremuchdenser. After matching,we however interpolateda 10m regulargrid, sothata moreobjective
comparisonto theothertwo systemscouldbemade.

VirtuoZo Match-T/Version1 DPW Laser
Matchingmethod Area-Based Feature-Based Area-Based NA
Patch size in last pyramid
level (pixel/m)

15 / 2.7 NA 15 / 2.7 Laser footprint
ca.2 m

# of pyramid levels, incl.
original image

4 9 6 NA

Selectionof matchpoints /
point spacing(m)

Regular image
grid, / ca.2.7

Regular object
grid, rotated/ 10

Regular object
grid / 10

Irregular points
/ ca.2

Matchingstrategy rugged mountainous Adaptive,modi-
fied steep_plus

NA

Table2: Importantparametersfor automaticDTM generation.

In all caseswe tried to optimisethematchingstrategy andparametersinvolved. Table2 presentsa shortsummaryof the
mainmatchingparameters.With theDPW770version1, eachmodelwasrunseperately. In version2 weusedanadaptive
matching,with a socalledsteep_plusstrategy which we optimised.Adaptive matchingcanusemorethantwo images,
andcomputesthemeanterraininclination in smallneighbourhoods.Basedon this inclination, the two bestonesout of
all the availableimagesareselected.Sincethe imageoverlapwasconsiderable,many regionswerevisible in threeor
even4 images.This selectiongenerallyled to betterresultsin steepclif fs asocclusionsandlargeperspectivedifferences
werereduced(visually controlled).Thehighernumberof pointswith thefirst version(seeTable3) is dueto thedouble
measurementsin theoverlapregion of themodels.DPW 770computesfor eachpoint a quality criterion (calledFigure
Of Merit, FOM). In thesocalledcleanedversion,pointshaving a FOM " 32 (pressumablyerrors)wereeliminated.The
percentageof pointswith poorFOM for thetwo matchingversionswere45.5%and14.6%with themainrejectionreasons
beinglow correlationcurvature(33.3%/8.3%)andlow correlationcoefficient (10.1%/3.6%),obviously mostly at areas
with homogeneoustexture.

With Match-Tanotherversionwith anadaptive matchingstrategy (not beconfusedwith theadaptive grid) led to almost
no change(only about100pointsgot differentvalues).Increasingthesmoothingweightsfrom 1.5 to 3.5 led to extreme
flatenningof the clif fs. Unfortunately, Match-T can not automaticallyself-tunetheseparametersbasedon the actual
terrainform. With VirtuoZo apartfrom theruggedstrategy alsoanundocumentedsocalled“broken” onewasused.Its
resultslookedsmootheron steepclif fs, but dueto time constraintsthis versionwasnot analysedfurther.

2.2 Comparisonwith manual Photogrammetry

Theresultsarepresentedin Table3 andin graphicalrepresentationin Fig. 3. Much moredetailedanalysisthantheone
in this tablewasperformedby checkingin eachmodel the accuracy for: (a) the whole area,(b) the glacieronly, (c)
theclif fs only, and(d) thebreaklinesonly. We alsocheckedtherelative fit of theheightsin theoverlapregion between
neighbouringmodelsfor eachmatchingversionandall models.It wasinterestingto notethat theserelative differences
werevery high, andin all cases(excepttwo innermodelswith VirtuoZo) higherthanthedifferencesof eachindividual
modelto themanualmeasurements.Therelativedifferencesarepartlydueto thenotoptimalorientation(nostrongblock
geometryin thebundleadjustment)but alsodueto thematchingdifferencesbecauseof otherviewing andray intersection
angles,possiblydifferenttexture,varyingperspective distortionsof the images,differencesin occlusionsetc. This fact
stressestheimportanceof usingmorethantwo images,eitherby choosinga priori thetwo bestonesfor eachpoint to be
matched,by comparisonof heightsin the overlapregionsof neighbouringmodelsandchoiceof the bestonebasedon
qualitycriteria,or evenbetterby simultaneouslymatchingall availableimagestogether.
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System Testdata Referencedata RMS Meanwith Max abs. % blunders1

Version # of pts # comparisonpts [m] sign[m] [m]

VirtuoZo Original DTM / 4160 �	����� #$���%��� ���	���
� ���	�����
2292348 CLIF / 1409 ��� ��� #$��� ��
 ���	���
� ����� ���

GLAC / 2751 �	����� ��� ��
 �
�	���
� �����
�
BRKLIN / 538 �	� �
� #$��� ��� �
�	���
� ����� 
��

10m, inter- DTM / 4158 ������� #$���%��
 ����������� �������


polated CLIF / 1404 �	� 
�� #$�����

 ����������� �
�	� ���

regulargrid GLAC / 2754 �	����� ���%��� �
�	� �
� ��� ���
153503 BRKLIN / 584 �	� ��� #$���%��� ���	� 

� �	�
���
�

Match-T Original DTM / 4091 �	� ��� ��� ��� ���	� ��� ���	� ���
version2 351283 CLIF / 1395 ������� ���%��
 ���	� ��� ���
�����
(adaptive GLAC / 2696 �	���
� ��� ��� �
�	����� ��� �
�
grid 5, BRKLIN / 549 
	����� #&��� 
�� ���
���	� ��
	� �
�
10,20m 10m inter- DTM / 4091 �	� ��� ��� ��� ���	� ��� ���	�����
spacing) polated CLIF / 1395 ������� ���%��� ���	� ��� ���
� ���

regulargrid GLAC / 2696 �	����� ��� ��� �
�	����� ��� �
�
95174 BRKLIN / 549 
	� ��� #&��� ��� ���
����� ���	� ���

Match-T Original DTM / 4089 ����� 

� #'�	� ��� ������� ��� �	�
� 
�

version1 112000 CLIF / 1396 ��������� #$��� ��� ������� ��� �
�	���	�
(10 m GLAC / 2693 �	� ��� ��� ��� ����� � ��� ���
spacing) BRKLIN / 549 ���	� ��� #$��� 
�� ������� 
�� �
��� ���
DPW Original DTM / 3848 ������� #$��� ��� ����������� ���	� ���
version2 87454 CLIF / 1189 �������
� #&��� 
�� ����������� ��
	� 
��
(all images GLAC / 2659 �	� 
�� #$��� ��� �
�	� ��� �	� 
��
matched BRKLIN / 535 ���
����� #'�	� ��� �
��� ��� ����� ���
together) Cleaned2 DTM / 3285 ��� ��� #$��� �(� 
��	����� 
����
�

76021 CLIF / 701 ���	����
 #&�����
� 
��	����� ���������
GLAC / 2584 �	� ��� #$��� ��� ��� ��
 �������
BRKLIN / 418 ��� ��� ���%��
 ����� ��� �
�	� ���

DPW Original DTM / 4195 �����
� ��� ��� ���
�	����� ����� ���
version1 114874 CLIF / 1456 ��������� ��� 
�� ���
�	����� ���	� ��

(matching GLAC / 2739 �	����� ���%��� �����	���
� 
�� ���
permodell) BRKLIN / 565 ����� ��� #$��� ��� ���
�	� ��� ����� 
��

Cleaned2 DTM / 3637 �
� ��� ��� ��� �
�	� ��� ���	���
62605 CLIF / 963 ������� ���%��� �
�	� ��� ����� 
��

GLAC / 2674 �	� ��
 #$��� ��� �
�	� ��� ��� 

�
BRKLIN / 447 �����
� ���%��� ����� ��� ���
�����

Laser Original DTM / 1784 �
� ��
 ��� �	� ���	� ��� �
�	�����
2512314 CLIF / 179 ��� ��� ��� ��
 ���
� ��� ���	� ��


GLAC / 1605 �
����
 ��� ��� ���	� ��� ��
	���
�
BRKLIN / 77 �	���
� ��� ��� ���	���	� �
�������

0099DTM / 264 �	� 

� ��� ��� ��� ��� ���	� 

�
9997DTM / 490 �
����� ���%��� ���
� ��� ���	���
�
9795DTM / 495 �
���

 ��� ��� �����
� ����� ���
9593DTM / 455 ������� ��� ��� ����� ��� ���������
9392DTM / 73 �����
� �	���

 ���	� ��� �������
�

0099GLAC / 241 �	����� ��� ��� ��� ��� ����� ���
9997GLAC / 427 �	� �
� #$��� ��� ��� ��� ���	�����
9795GLAC / 446 �
� ��� ��� ��� �����
� ��
	���	�
9593GLAC / 421 ��� ��� ��� ��� ����� ��� �
�	� 
�

9392GLAC / 71 ��� ��� �	���
� ���	� ��� �������



1Thresholdfor blundersis 0.9m. This thresholdis calculatedas3 RMS,whereRMS is computedbasedon theassump-
tion of onepixel errorin matchingcorrespondingto ca.0.3m for thethreeinnermodels(60%overlap)andca.0.6m for
thetwo outerones(80%overlap).
2Cleanedmeanswithoutpointswith apoorquality label,i.e. FigureOf Merit (FOM) lessthan33,asassignedautomati-
cally by thematchingalgorithm.

Table3: Error statisticsof automaticallygeneratedDTMs—referencedatafor wholearea(DTM), glacieronly (GLAC),
mountainclif fs only (CLIF) andbreaklines(BRKLIN).
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Figure3: Differencesin [m] of respectivedigital solutionminusmanualphotogrammetricmeasurements.

2.2.1 Someconclusionsfr om the comparisonof systemsand versions. Theresultsat theclif fs wereby far worse
thanon the glacier. Particularly clif fs with shadows andsuddenheightchangeswereproblematic. The resultson the
glaciervaried,with theexceptionof the raw DPW 770version1, from 0.6 to 0.9m, so it washigherthanthe expected
accuracy for theinnermodelsbut quitecloseto theexpectedonefor theborderones.Still, theperformancewassurpris-
ingly goodevenin theupperglaciermodelswith very little texture(to a largeextentdueto Wallis filtering). In addition,
thehigherthanexpectedRMS in the innermodelsis stronglyinfluencedby largeblunders,even if their numberis low.
Througheliminationof theseblunders,theexpectedaccuracy canbeachievedor evenslightly exceeded.

The resultsfor the breaklinesweregenerallysimilar or betterthan thoseof the clif fs, with the exceptionof Match-T
which shows a poor performancethere. The reasonfor that is probablythe robust filtering of the raw measurements
in eachgrid mesh,leadingto a removal of theseterrain“outliers”. Also theadaptive grid spacingis computedfor each
matchingunit (13 ! 13grid meshes),whichis toocoarsefor finelineardiscontinuitiesin aneighbourhoodwhichis mainly
planar. VirtuoZo (andDPW770aftercleaning)performsthebestandalsoadaptsbetterto roughterrain.In all cases,the
breaklineswere3–38timesworsethantheflat glacier. Thus,in practicalproductionit maybebetterto first measurethe
breaklinesmanuallyandthenfix themduringmatchingandalsousethemfor a betterapproximateterrainmodelling.

Wewereexpectingthetwo bordermodels0099and9392to haveloweraccuracy dueto poorerorientation(stripborders),
largeroverlap(whichhowevermakesmatchingeasier),lowertexture(0099)andsmallerimagescale(9392,lowestglacier
part). However, theresults(comparisonwith manualmeasurementsandrelative differencesin overlapregions)werenot
muchworsethanthoseof theinnermodels.Thereasonis obviously thattheaccuracy influenceof thesefactorsis lower
thattheinherenterrorsof matching.

In all systemsandversionsbig blundersremainin the results. With the exceptionof onecase,the maximumabsolute
error wasnever below 24 m, reachingto 233 m. Their percentageon easyterrain (glacier) is not very high but even
theretheir magnitudeis several timestheRMS.To solve this problem,efficient postprocessingtoolsareneededor even
bettersophisticatedmethodsfor automaticblunderdetection. Both cleanedversionsof DPW 770 showed a dramatic
improvementover theraw data(especiallyfor version1). Still many blunders,especiallyin clif fs andbreaklinesremain
undetected.Thecleanedversionsalsoshow gapsin problematicareas,but for practicalpostprocessingwork it ispreferable
to manuallymeasurepointsin suchgaps,thansearchfor moreblundersin a densepoint field over thewholeterrainarea.
In all versions,thebias(meanwith sign)is small,exceptsomecaseswherebig blunderstotally distorttheerrorstatistics.
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Thecomputationtime is the longestfor Match-Tandtheshortestfor VirtuoZo (morethananorderof magnitudefaster
thanboth othersystems).Although the differencesbetweenthe systemsin somecasesseemsmall, our analysis(and
additionalvisualcontrols)showedthatgenerallyVirtuoZo performsthebest,especiallyat breaklinesandsteep,rugged
terrain. However, whenmatchingfails, theerrorstherecanbevery large(no graciousdeterioration).ThecleanedDPW
770versionsarealsogood,with theexceptionof theclif fs of version2, but at thecostof lower point densityandgaps.
For this typeof variableruggedterrain,it is alwaysbetter(aswell for automaticblunderdetection,if supportedby the
systems)to matchvery denselyand thenthin-out the resultsby an intelligent interpolationmethod. Matchingshould
be locally adaptive (within a very small area),dependingon terrainrelief and imagetexture, especiallyfor important
parameterslike patchsize,numberof pyramid levels used,densityof matchedpointsandresultingregular grid (latter
applicableonly for Match-T).An appropriatecombinationof morethan2 imagesis alsobeneficial,especiallyfor rough
terrain.

2.2.2 Conclusionsfor individual systems. With DPW 770 althoughsomevisual comparisonsin somesteepclif fs
showed that versions2 performsbetter, the global statisticsof Table3 do not supportthis for the clif fs, especiallyfor
the cleanedversions. Version2 wasexpected,basedalsoon experiencereportsof photogrammetricfirms, to perform
betterespeciallyin theclif fs. Thiscontradictioncanbedueto pooralgorithmsin thechoiceof thebest2 imagesandalso
becausethemeanterraininclinationseemsto becomputedin a neighbourhoodthanis too large(25 ! 25grid meshes)for
therapidly varyingAlpine terrain.Anotherreasonfor this worseperformanceof version2, is thatin thecleanedversion
muchlesspointsthanin version1 hadpoorFOM, so it seemsthatmany blundersremainedundetected.This is alsoan
indicationthatwith the currentalgorithmsof the systemit is probablybetterto have independentmeasurementsof the
sameregion from 2 stereomodells,combinetheresultsandthencleanthem,thantrying to selectthebest2 imagesoutof
the3, matchonly onceandthenclean.Comparingthetwo Match-Tversionsshowsthattheadaptivegrid performsmuch
better, especiallyat clif fs andbreaklines,andproduceslesspoints(smallerdatasets,fasterprocessing).

3 RESULTS OF LASER SCANNING

3.1 Preprocessing

The laserscanningdatawaspreprocessedby the calibrationtechniquedescribedin Thiel andWehr (1999)to estimate
misalignmentanglesbetweenthe lasercoordinateframe and the aircraft body frame. No further preprocessing,such
asfiltering or classifyingobjects,wasappliedto the raw lasergroundpoints. As the laserscanningrequireslow flying
heightaboveground(max.750m) to achievereasonableresultsandobtainenoughgroundreflection,flight planningin the
mountaineousterrainposedtoughchallenges.For securityreasons,andbecausethefocusof applyingthelaserscanning
techniquewasput on thefirn areasof theglacier, flight lines lower thananaltitudeof 3400m wereommitted.This led
to a heightover groundof 600m and1100m in thestereomodels0099and9392respectively. Thereceivedlasersignal
powerat1100m flying heightovergroundwasat thelimit of S/Nratioandthusis expectedto resultin ahighRMS,when
comparedto photogrammetry. Thisholdsfor all datawith flying height * 750m

Thelaserflight trajectorywasestimatedwith differentialGPSusingdoublefrequency carrierphasemeasurements.The
accuracy of positioningandattitudemeasurementsis assumedto beabout0.05m andbetterthan0.05� respectively, based
on previous investigationsof thesamesystemsetupflown over a runway asknown terrain(Favey et al., 1999a).To be
ableto comparetheheightsderivedfrom lasermeasurementswith photogrammetry, theraw laserdataweretransformed
to theSwissgeodeticdatumandprojectionsystem.Geoidundulationsof centimeteraccuracy (Marti, 1997)wereapplied.
As thecoordinatesof theGCPsusedfor thephotogrammetricmeasurementswereknown in thepreviousSwissreference
systemonly (not using true orthometricheights),local 3D translationparameterswere estimatedusing static DGPS
measurementsona controlpoint in theglacierarea.

Version # of comparisonpts RMS[m] Meanwith sign[m] Max abs.[m]

laserline west # laserline center 187092 ��� ��� #$��� ��� ����� ��

laserline center# laserline east 321778 ��� ��
 ���%��� ���	� 
��

Table4: Statisticsof differencesof laserswathoverlaps.

Over theLauteraargletscher, 3 laserlines(west,center, andeast)wereflown for airbornelaserscanning.Theresultsof
a comparisonof theoverlapregion is given in Table4. Thetwo overlappingregionsof adjacentlaserswath linesshow
a RMS of about1.28m. This is mainly dueto unmodellederrorsin attitudeangles,which appearto beworsethanthe
resultsobtainedover therunway dueto badflying conditionsduringthis flight (strongwindsandvibration). As partsof
theglaciercontainmany deepcrevasses,maximaldifferencesin theorderof tenmetersareeasilypossible.
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3.2 Comparisonwith Photogrammetry

3.2.1 Comparisonwith Manual Photogrammetry. A comparisonwith manualphotogrammetricmeasurementswas
madeboth, on a per modelbasisaswell asall pointstogether(Table3). The “dark” partsfor the laserwavelengthof
810nm poseproblemsto thelaserscanningtechnique,asthereflecionthereis muchweaker thanon snow andice. This
is mainly the casein theclif f regionsandon debris-coveredpartsof the glacier. In the region of model9392,the laser
techniquereachesits limits with aslantrangeof over1200m (systemperformanceis guaranteedby thesystemproviderup
to 750m, which is thecaseonly in models0099and9997)andalmostno receivedsignal,which resultsin anexpectedly
high RMS. On thetop models0099and9997,wheretheslantrangeis around600m, theRMS of still morethan0.7m
is probablydueto theattitudemeasurementproblemsdiscussedin theprevioussection.Nevertheless,theprojecttarget
of achieving a DTM accuracy of 0.5–1m is achievedin this upperregion,at which theflight planningwastargeted.The
digital modelpointscomparedontheglacieronly show justaslightly lowerRMSthanwhenincludingtheclif f parts.This
is becausemuchblunderof the laserdatais on theglacier-partswheretheglacieris coveredwith debris,(seeFig. 3(h))
andthusonly a weakS/N ratiocouldbeobtained.

Thesignedmeanvaluesof thedifferenceto thesinglemodelsshow somesortof biaswhich increaseswith theincreasing
flying heighttowardsthesouth-east.Thisis aknowneffectof thislaserscanningsystem,whichis dueto ayetuncorrected
biasof theraw distancemeasurementwith increasingheightaboveground.This alsodistortstheoverall statisticswith a
“mean”bias.

3.2.2 Comparisonwith Digital Photogrammetry. Photogrammetry,asshown by theVirtuoZoexample,canmeasure
with equalorevenhigherdensitythanlaser. Flight timeisshorter, flight planningis simpler, andsensitivity of theresultsto
variationsof theflying heightovergroundis muchless.Thevisualqualityof theimagesis muchbetterthanthereflectivity
imagesthattheusedlaserscannerproduces.For thelaserscanner, systemcalibrationis muchmorecomplicatedandhasa
muchstrongerinfluenceontheaccuracy. Ontheotherhandwith photogrammetry, processingof thedatatakesmoretime,
is morecomplicatedandneedsmorespecialisedhardware(film development,scanner, digital photogrammetricsystem).
Sincephotogrammetricfilm camerasusuallydo not have INS, groundcontrol points,which aredifficult andcostly to
establishandmaintain,especiallyin mountaineousregions,areneeded.Most of thepreviouslymentioneddisadvantages
will howeverdisappearwith digital photogrammetriccamerasthatareexpectedthisyear, yet systemcalibrationwill then
show similar complicationsandinfluencesaswith laserscanning.

Basedon Table3, the laser’s accuracy is, unexpectedly, lower thanphotogrammetryon theglacierdueespeciallyto the
lower threemodels,whichshow problemsin thedebris-coveredandclif f areas,but alsodueto attitudeerrorsasexplained
above. This could be addressedby eliminating the laserpoints with a received signal power lower than a threshold
andby flying lower lines with a maximumheightover groundof 750m. Wherelaserclearly beatsphotogrammetryis
the sizeof the large errors. As Table 3 shows, the maximumabsoluteerror with laseris similar for all datasetsand
bounded(notexceeding14m). With photogrammetrytheblundersarelarger, especiallyat theclif fs andbreaklines.With
improvementsin attitudedetermination,thelasermaybeableto reachtheexpectedaccuracy of 10–20cm. In suchacase,
photogrammetrycancompeteonly by increasingtheimagescaleto about1:6500.

4 CONCLUSION

The project target of achieving a DTM accuracy of 0.5–1m for the glacierwasachieved by all, exceptone,matching
versions. However, big blundersremainin the resultsmakingmanualpostprocessingnecessary. Of the threedigital
photogrammetricsystemsDPW 770providesthe besttools for suchediting. Thus,a possibility to employ digital pho-
togrammetryfor measuringsurfaceswasprovento bepossibleevenin glacierregionswith very little texture. Matching
performancein rugged,steepterrainandatbreaklineson theotherhandis muchlessaccurateandtheblundersmoreand
larger, requiringmuchpre-andpost-editing.Thus,in suchterrain,whenthe accuracy requirementsarehigh, it maybe
fasterto measurethewholeDTM manually.

Out of the 3 photogrammetricsystems,the bestconcerningaccuracy, speed,price (at leastin our case)andease-of-use
is VirtuoZo. However, it is alsothe closestsystem,with the poorestdocumentationandexplanationof the underlying
algorithms. Very few matchingparameterscanbe set,which is an advantagefor productionenvironmentsbut a disad-
vantagefor sophisticatedandknowledgeableuserswho wish to experimentor improvetheresultsby fine-tuningof some
parameters.Finally, its pre-andpost-editingcapabilitiesarenot thatextensiveaswith DPW770.

Airborne laserscanningperformsaswell asdigital photogrammetryaslong astheflying heightabove grounddoesnot
exceedthe system’s ranginglimits of 750m. It performswell on white snow and ice area,but blundersare likely in
debris-coveredor clif f regions. By usinglaserscanning,theareaof interestfor glaciermonitoringmaybeexpandedto
theentireglacierincluding theremotefirn areas,which arenot accessibleby photogrammetricmeanseitherbecauseof
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lack of textureor becauseno locationssuitedfor GCPscanbefound. With improvementsin attitudedeterminationand
calibration,thelasermaybeableto reachtheexpectedaccuracy of 10–20cm.

Both digital photogrammetricsystemsandairbornelaserscannersareexpectedto improve in the future andhave their
advantagesanddisadvantages.Thechoiceof oneof thesemeasurementtechniquesovertheotherrequirescarefulanalysis
of therequirementsof theapplicationat handandconsiderationof additionalboundaryconditions.
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