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ABSTRACT

Theherepresentedesearchs partof aprojecton “MassBalanceDeterminatiorof Glacierswith the Useof State-of-the-
artRemoteSensingMethodsanda NumericalFlow Model”. To achiese theaimsof the project,obsenationsfrom remote
sensingandground-baseéhstrumentsarecombinedn a numericalmodel. Remotesensingnvolvesdigital aerialimages
andlaserscanning. Othertechnologies|ike SAR, are problematicin the steep,mountainousSwissterrain. Required
productsfrom remotesensings a surfacemodelof the whole glacierwith anaccurag of ca. 0.5-1m in time periodsof
1-5years. The UnteraagletscherBerneseAlps, Switzerland hasbeenchoserto testboth methods asthis glacierhas
beenextensiely studiedby glaciologistsduringthe pastdecade.

In 1998, theimagesandthelaserdatawereacquiredvith smalltime differencethusacomparisorof thetwo measurement
techniquedbecomedeasible. Regardinglaserdataprocessingdifferentaspectdik e systemdescription flight planning,
position and attitude determinationtransformationto the Swissmap coordinatesystem fit of overlappinglaserstrips
and problemsencounteredire presented.Three selecteddigital photogrammetricsystemsMatch-T, LHS DPW 770,
andVirtuoZo) wereusedfor the 1998 photographsThe resultswere evaluatedusingaccuratemanualmeasurementst
ananalyticalplotter. The differentmatchingalgorithmsandstratejies,occurredmatchingproblemsdueto low texture,
shadavs, steepslopesetc. anda quantitatve andqualitative evaluationof theresultsarepresentedFinally, acomparison
betweerphotogrammetnandlaserscanningegardingaccurag andpointdensitywill bemade.

1 INTRODUCTION

1.1 Background

Monitoring volume changef small alpineglaciersis importantfor a numberof reasons Alpine glaciersare sensitie

to changesn local climate (e.g.Orlemans,1994),andmay contritute significantlyto sealevel variations(Meier, 1984).

Estimatef volumechangesanbe usedto validatecalculationsof netmasshalancebasedon traditionalstale methods
(Funketal.,1997),andto testtheoreticatonceptsabouttheresponsef glaciersto changesn climate(J6hannessoetal.,

1989). An alternatve to thetime consumingglaciologicalmethod(stake measurement$pr estimatingnetmasshalance
is to usevolumechangedrom a setof digital elevationmodels(DEMs) from two differenttime periods.Up to now this

productwasderived manuallyby analyticalphotogrammetryFor that, periodicimagesn scalel:10000-1:1500flown

in Augustor Septembewere used. The aim of the presentedesearchwasto automateand speedup this processand
improvethe spatio-temporatflensityandaccuray of themeasurements.

Airborne laseraltimetry hasonly recentlybeenintroducedto glaciology First testswith laserprofiling on glaciershas
beendonee.g.by Echelmeeretal. (1996)andGeigeretal. (1994). DEMs overthe Greenlandce sheetwith 10—20cm
accurag in heightweremeasuredy NASA usinga scannindaseraltimeterfirst by Garvin and Williams (1993) and
laterby Thomasetal. (1995).KennettandEiken (1997)hase madelaserscanningneasurementsf a Norwegianglacier
with a nominalaccurag in heightof 10-20cm. In evaluatingthe performanceof the laserscanningsystemusedfor
the Unteraagletschersimilar resultsin termsof heightaccurag werefound (Favey etal., 1999a).In the following, we
investigatehe quality of DEMs derivedfrom laserscanningandphotogrammetry

Basedon previousinvestigationsjt wasshown thatdigital imagematchingcanleadto goodresults,if grosserrorscan
be reliably detectedandexcluded(Baltsavias et al., 1996). Theseresultswerefor the lower part of the glacierandthe
tongue wheregenerallysuficient texture exists. However, for the upperfirn partsof the glacierwith only snav andice,
matchingwasexpectedo be problematic.Airbornelaseraltimetry (ALA) is a promisingmethodfor DEM generatiorof
shav-coveredareasasit maybeusedindependentlpf surfacetextureandexternallight sourcesit generallygivesdenser
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andmoreaccurataneasurement®r the givenconditions plusthe cumbersoméaskto establisrandmaintainGCPsfor
photogrammetrys not neededyith the exceptionof a GPSreferencestationin thevicinity of theregion.

To permita comparisorof the two technologiesregionsin boththe lower andupperglacierpartwere measuredy the
two methods. This permitsa comparisonalsoincluding time and costsconsiderationsso that an optimal operational
procedurdor glaciermonitoringcanbe chosen.This researchs a partof an ongoingprojectwhich aimsat determining
themassbalancedistribution of glaciersthroughthe useof remotesensingnethodsanda numericalflow model,without
resortingto directfield measurement§&sudmundssoandBauder 1999).

1.2 Available Datasets
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(a) Lauteraagletscher (b) Map of Unteraagletscherndits contritutaries

Figurel: Photograplof Lauteraagletscheandmapof Unteraagletscherlndits contributariesLauteraagletscherStrah-
legggletscheandFinsteraagletscheishaving thelocationof thetestsite. Thelaserscannindlight trajectory aswell as
theapproximatédoundarie®f the stereomodelsaredravn in redandolive respeciely. The stereaomodelsarenumbered
from north-westo south-easts0099,9997,9795,9593,9392. Contourinterval: 100m

Thelaseremplojedwas Scalardl of the Institute of Navigation, Univ. of Stuttgart,on anairplaneequippedwith GPS
andINS. This semiconductotaserdiode transmitteroperatesvith a wavelengthof 810nm, which guarantees good
signalreflectionon snav andice, andalsoprovidesintensityimagesby measuringgroundreflectivity (WehrandLohr,
1999). The laserbeamdivergenceis 1 mrad. The laserunit usesthe multifrequengy CW sidetonerangingmethod,and
performsan elliptical scanningpatternwith a measurememnate of 7.5kHz andscanninganglesof +9.7° and+13.6° in
andperpendiculato flight directionrespectiely. The swathwidth is thusabout300-500m at 600—1100n heightabove
ground. GPSmeasurementr positioningwere acquiredat a rate of 2Hz usingtwo doublefrequeny Trimble SSI
recevers,oneon boardthe aircraft, the otherasreferencestationon the groundat a fixed, known locationabout15km
away from the glacier For attitudedeterminationan inertial systemof iIMAR GmbH, Germary, with a rate of 100Hz
wasused.Additionally, a GPSantennaarrayplacedon fuselagewingsandtail of theaircraftwasusedto eliminategyro
drift effectsin aloosely-coupledmplementatior(Favey etal., 1999a).Theaircraftusedfor thelaserflights aswell asthe
photogrammetri€lights wasa De Havilland Twin Otterof the SwissFederalOffice of Topography

Threelasermeasuremergampaignsin 97,98,and99, took place.The 97 resultsshaved someproblemsandwill notbe

treatedfurther (Favey etal., 1999b).Imagerydatawereprocessedor theyears97 and98. In 98, theimagesandthelaser
datawereacquiredwith atime differenceof only 2 weeks thusa comparisorof thetwo measuremertechniquebecomes
feasible.In the photogrammetriprocessingf the 1998images 3 digital photogrammetrisystemgMatch-T, LHS DPW

770,andVirtuoZo) werecomparedusingin somecasesnultiple matchingstratejiesanddegreesof preprocessing.

Thesix B/W imagesforming a strip andcoveringthe Lauteraagletschemwerescannedvith 14 micronsata ZeissSCAI.
The usedRC 30 camerahada focal lengthof 152mm andthe averageimagescalewas1:13000. The overlapwasca.
60% for the inner modelsand80% for the two outerones(0099and9392). The expectedheightaccurag basedon the
assumptiorof 1 pixel meanerrorfor thematchingwas0.3m and0.6m for theinnerandoutermodelsrespectiely. Table
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Stereopair Mean Max Z-range| Min Z Max Z # of

or dataset VZ Ydeg] | VZ Y[deg] [m] [m] [m] points
0099 23.9 56.2 442 .4 2621.4 3063.8 538
9997 18.9 56.9 469.3 2508.2 2977.5 787
9795 16.8 56.6 374.6 2440.0 2814.6 811
9593 18.0 59.3 452.1 2354.4 2806.5 896
9392 12.9 57.3 414.7 2260.8 2713.3 1186
All-DTM 17.6 59.5 803.1 2260.8 3063.8 4218
All-CLIF 40.3 59.3 798.4 2265.5 3063.8 1458
All-GLAC 9.2 42.4 792.5 2260.8 3053.2 2760
All-BRKLIN 584

IGradientz computedrom aninterpolatedsOm regulargrid with Sobel.

2Referencadatafor wholearea(DTM), glacieronly (GLAC), mountaincliffs only (CLIF) andbreaklines
(BRKLIN).

Tablel: Somedataaboutthereferencedataset.

1 shovsthecharacteristicef theterrainwith large heightrangeandsteepslopesfor mostmodels.Model 0099and9997
wereattheupperglacierpartwheremoretexturelessnov andice areasexist. The controlandtie pointsweremeasured
with ORIMA ataWindows NT DPW 770systemandtheimageswereorientedtogethelin a bundleadjustmentvith the
helpof 26 signalisecbointsmeasuredvith theodoliteandanaccurag of 1 dm. Thea posterioristandardieviation of the
adjustmentvas5 microns,andasexpectedthe residualsverehigherat the bordermodels(especially9392). Theimage
coordinatesvere correctedfor refraction,lensdistortionandearthcurvaturebut no additionalparametersvere usedin
the bundleadjustmentsincethey could not beimportedin thedigital systemdo be usedfor DSM generation.To check
theaccurag of matchinga referencalataset{seeTablel) wasmeasuredita Wild AC1 analyticalplotter. Thisincluded
aregulargrid of 50m spacingandalsosomebreaklinesaswe wantedto checkthe matchingaccurayg attheseimportant
terrainfeaturesseparatelyThe estimatedaccurag of the measurementsas20and40cmfor theinnerandoutermodels
respectiely. For eachmodela polygoncoveringthe measuredireawas definedandthis wasusedto definethe match
areaof the digital systems.Thesepolygonswerealsodivided in areascovering only the glacierandthe remainingone
(mainly steepmountaincliffs, partly with shadavs). This wasimportantasfor the projectonly the glacierwasimportant
but from a generalpoint of view, we alsowantedto comparethe performancef thedigital systemsn difficult mountain
areas.

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

Figure2: Left imagepair: snowv arearightimagepair: shadevedcliff. Theoriginalimage(c) hasbeenstretchedo allow
visualisation.

The imageswere preprocessedith a Wallis filter (Baltsavias, 1991)for a radiometricequalisationof the imagesand
especiallya contrastenhancement_atter wasnecessaryarticularlyfor the quite homogeneousnon andice areasand
theshadaved steepcliffs (seeFig. 2). A first testwith DPW 770 shavedthatthe Wallis-filteredimageswerebetterthan
theoriginal ones sothey wereusedwith all 3 digital photogrammetrisystems.

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 micronimages;it seemghat
the systemhasan internallimit of ca.25 microns). To have an objectve comparisorthe sameorientationcomingfrom
the bundle adjustmentwas used. At the time of the tests,we had not discoreredyet how to import the orientation
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with VirtuoZo, sowe repeatedhe orientationmodelvise. This causedsomedifferencedo the othersystemshut these
differenceswerebelow the accurag level of the matchingsystems.Also for reasonf objectvity, we tried to match
with all systemghe samearea,with a grid spacingof 10m, and10m integergrid nodevalues. Unfortunately this was
not alwayspossible.With DPW 770 a North-Eastorientedobjectgrid with 10m spacingwasdefined. The systemdoes
notallow rotationof thegrid sothatit could bealignedwith themanuallymeasuredectangulapolygons.With Match-T
this was possible(we alsointerpolateda North-Eastoriented10m regular grid and as expectedthe results(seeTable
3) werevery similar). However, with Match-T theraw measurementsom which a regular grid is interpolatedthrough
robustfiltering arevery dense(e.g.2.07 million raw pointsfor 75000 grid nodes).In a secondversionof Match-T, we

usedanadaptve grid stratgy with densificatiorfactorl, i.e. the grid spacingwasadaptedautomaticallyto 5min steep
areasand20m in flat areaswhile attherestremainslOm. VirtuoZo usesanimagegrid. We tried to usea spacingof 55

pixels,correspondinga.to 10m on the ground,but the matchingresultsweredisastrougnonsenseontours flattening
of the cliffs, very visible boundarieshetweenthe matchingblocks; VirtuoZo dividesthe overlap areain 9 horizontal
stripescoveringthe overlapareafrom top to bottom). VirtuoZo seemsghatit needsanimagegrid pixel spacingwhich is

similarto the patchsizeusedfor matching(15x 15 pixels,correspondingo ca.2.7m objectspacing).Thus,the VirtuoZo

measurementseremuchdenser After matching,we however interpolateda 10m regulargrid, sothata moreobjective
comparisorto the othertwo systemsouldbe made.

VirtuoZo Match-T/\ersionl | DPW Laser
Matchingmethod Area-Based Feature-Based Area-Based NA
Patch size in last pyramid | 15/2.7 NA 15/2.7 Laser footprint
level (pixel/m) ca.2m
# of pyramid levels, incl. | 4 9 6 NA

originalimage
Selectionof matchpoints/ | Regular image | Regular object | Regular object | Irregular points
point spacing(m) grid,/ ca.2.7 grid, rotated/ 10 grid/ 10 /ca.2
Matchingstrateyy rugged mountainous Adaptive, modi- | NA

fied steep_plus

Table2: Importantparametergor automaticDTM generation.

In all caseswve tried to optimisethe matchingstratgyy andparameterinvolved. Table 2 presentsa shortsummaryof the
mainmatchingparameterswith theDPW 770versionl, eachmodelwasrun seperatelyln version2 we usedanadaptve
matching,with a so calledsteep_plustrategy which we optimised. Adaptive matchingcanusemorethantwo images,
andcomputeghe meanterraininclinationin small neighbourhoodsBasedon this inclination, the two bestonesout of
all the availableimagesare selected.Sincethe imageoverlapwasconsiderablemary regionswerevisible in threeor
even4 images.This selectiongenerallyled to betterresultsin steepcliffs asocclusionsandlarge perspectie differences
werereducedvisually controlled). The highernumberof pointswith thefirst version(seeTable3) is dueto the double
measurements the overlapregion of the models.DPW 770 computedor eachpoint a quality criterion (called Figure
Of Merit, FOM). In the so calledcleanedversion,pointshaving a FOM< 32 (pressumablerrors)wereeliminated. The
percentagef pointswith poor FOM for thetwo matchingversionsvere45.5%and14.6%with themainrejectionreasons
beinglow correlationcurvature(33.3%/8.3%)andlow correlationcoeficient (10.1%/3.6%) 0bviously mostly at areas
with homogeneoutexture.

With Match-T anotherversionwith anadaptve matchingstratey (not be confusedwith the adaptve grid) led to almost
no changeg(only about100 pointsgot differentvalues).Increasinghe smoothingweightsfrom 1.5to 3.5led to extreme
flatenningof the cliffs. Unfortunately Match-T can not automaticallyself-tunetheseparameter$asedon the actual
terrainform. With VirtuoZo apartfrom the ruggedstratgly alsoan undocumentedo called“broken” onewasused. Its
resultslooked smootheion steepcliffs, but dueto time constraintghis versionwasnot analysedurther.

2.2 Comparisonwith manual Photogrammetry

Theresultsarepresentedn Table3 andin graphicalrepresentatiom Fig. 3. Much moredetailedanalysisthanthe one
in this table was performedby checkingin eachmodelthe accurag for: (a) the whole area,(b) the glacieronly, (c)
the cliffs only, and(d) the breaklinesonly. We alsochecledthe relative fit of the heightsin the overlapregion between
neighbouringnodelsfor eachmatchingversionandall models. It wasinterestingto notethattheserelative differences
werevery high, andin all caseqexcepttwo innermodelswith VirtuoZo) higherthanthe differencesf eachindividual
modelto themanuaimeasurementS.herelatve differencesrepartly dueto the not optimalorientation(no strongblock
geometnyjin thebundleadjustmentput alsodueto thematchingdifferencedecaus®f otherviewing andray intersection
angles,possiblydifferenttexture, varying perspecire distortionsof the images differencesn occlusionsetc. This fact
stressesheimportanceof usingmorethantwo imageseitherby choosinga priori thetwo bestonesfor eachpointto be
matched by comparisorof heightsin the overlapregionsof neighbouringmodelsand choiceof the bestonebasedon
quality criteria, or evenbetterby simultaneouslynatchingall availableimagestogether
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System Testdata Referencalata | RMS | Meanwith | Max abs.| % blunders
Version # of pts # comparisorpts [m] sign[m] [m]
VirtuoZo Original DTM /4160 3.15 —0.14 78.28 13.73
2292348 CLIF /1409 5.32 —0.59 78.28 27.68
GLAC/ 2751 0.73 0.09 26.53 6.58
BRKLIN /538 3.04 —0.26 28.56 37.91
10m, inter- DTM /4158 5.25 —0.19 135.24 14.29
polated CLIF /1404 8.98 —0.79 135.24 28.42
regulargrid GLAC/ 2754 0.74 0.11 26.04 7.08
153503 BRKLIN /584 3.01 —0.12 30.94 51.20
Match-T Original DTM /4091 3.40 0.08 76.87 13.62
version2 351283 CLIF /1395 5.74 0.19 76.87 31.54
(adaptve GLAC/ 2696 0.72 0.02 26.25 4.34
grid 5, BRKLIN /549 9.27 —1.90 71.51 39.34
10,20m 10m inter DTM /4091 3.40 0.07 76.87 13.71
spacing) polated CLIF /1395 5.74 0.18 76.87 31.83
regulargrid GLAC/ 2696 0.73 0.02 26.25 4.34
95174 BRKLIN /549 9.35 —1.82 71.57 60.47
Match-T Original DTM /4089 14.94 —2.30 215.82 21.99
versionl 112000 CLIF /1396 25.54 —6.80 215.82 50.21
(10m GLAC/ 2693 0.83 0.03 24.8 7.35
spacing) BRKLIN /549 30.68 —6.97 232.91 64.66
DPW Original DTM /3848 7.11 —0.66 102.55 16.42
version2 87454 CLIF /1189 12.72 —1.98 102.55 39.95
(allimages GLAC/ 2659 0.93 —0.06 26.32 5.90
matched BRKLIN /535 11.52 —2.21 84.62 45.61
together) Cleaned DTM /3285 5.02 —0.41 96.10 9.56
76021 CLIF /701 10.79 —-1.73 96.10 27.25
GLAC/ 2584 0.61 —0.06 6.39 4.76
BRKLIN /418 2.30 0.19 24.48 58.61
DPW Original DTM /4195 7.72 0.42 158.13 22.31
versionl 114874 CLIF / 1456 12.17 0.94 158.13 46.09
(matching GLAC/ 2739 3.55 0.14 136.20 9.68
permodell) BRKLIN /565 12.01 —0.08 123.82 67.96
Cleaned DTM /3637 1.37 0.03 26.68 10.5
62605 CLIF /963 2.22 0.12 26.68 25.96
GLAC/ 2674 0.89 —0.00 23.88 4.94
BRKLIN /447 2.75 0.16 25.37 61.74
Laser Original DTM /1784 1.89 0.47 13.83 23.71
2512314 CLIF/179 2.65 1.09 11.68 60.89
GLAC/ 1605 1.79 0.40 13.83 19.56
BRKLIN /77 3.72 0.01 13.21 72.73
0099DTM / 264 0.94 0.03 7.30 18.94
9997DTM /490 1.25 0.10 11.68 16.53
9795DTM / 495 1.59 0.55 7.26 24.85
9593DTM / 455 2.16 0.67 12.80 27.25
9392DTM / 73 5.26 2.79 13.83 55.56
0099GLAC/241| 0.73 0.07 4.00 17.43
9997GLAC/427 | 0.84 —0.02 7.01 10.77
9795GLAC/ 446 1.42 0.42 7.26 19.51
9593GLAC/421| 2.08 0.58 12.80 23.99
9392GLAC/ 71 5.31 2.78 13.83 54.29

IThresholdfor blundersis 0.9m. This thresholds calculatecas3 RMS, whereRMS is computedbasedn theassump-
tion of onepixel errorin matchingcorrespondingo ca.0.3m for thethreeinnermodels(60% overlap)andca.0.6m for
thetwo outerones(80%overlap).

2CIeaned"neansNithoutpointswith apoorqualitylabel,i.e. FigureOf Merit (FOM) lessthan33, asassignecdutomati-

cally by thematchingalgorithm.
Table3: Error statisticsof automaticallygenerated TMs—referencalatafor wholearea(DTM), glacieronly (GLAC),
mountaincliffs only (CLIF) andbreaklinedBRKLIN).
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Figure3: Differencesn [m] of respectre digital solutionminusmanualphotogrammetriecneasurements.

2.2.1 Someconclusionsfrom the comparison of systemsand versions. Theresultsat the cliffs wereby far worse
thanon the glacier Particularly cliffs with shadevs and suddenheightchangesvere problematic. The resultson the
glaciervaried,with the exceptionof the raw DPW 770 versionl, from 0.6 to 0.9m, soit washigherthanthe expected
accurag for theinnermodelsbut quite closeto the expectedonefor the borderones.Still, the performancevassurpris-
ingly goodevenin the upperglaciermodelswith very little texture (to alarge extentdueto Wallis filtering). In addition,
the higherthanexpectedRMS in the inner modelsis stronglyinfluencedby large blundersevenif their numberis low.

Througheliminationof theseblundersthe expectedaccurag canbeachievedor evenslightly exceeded.

The resultsfor the breaklineswere generallysimilar or betterthanthoseof the cliffs, with the exceptionof Match-T
which shavs a poor performancehere. The reasonfor thatis probablythe robust filtering of the raw measurements
in eachgrid mesh,leadingto a removal of theseterrain“outliers”. Also the adaptve grid spacingis computedor each
matchingunit (13x 13grid meshes)whichis too coarsdor fine lineardiscontinuitiesn aneighbourhoodavhichis mainly
planar VirtuoZo (andDPW 770 aftercleaning)performsthe bestandalsoadaptdetterto roughterrain.In all casesthe
breaklinesvere3—-38timesworsethantheflat glacier Thus,in practicalproductionit may be betterto first measurehe
breaklineamanuallyandthenfix themduring matchingandalsousethemfor a betterapproximateerrainmodelling.

We wereexpectingthetwo bordermodels0099and9392to have loweraccurag dueto poorerorientation(strip borders),
largeroverlap(which however makesmatchingeasier))owertexture(0099)andsmallerimagescale(9392,lowestglacier
part). However, the results(comparisorwith manualmeasurementandrelative differencesn overlapregions)werenot
muchworsethanthoseof theinnermodels.Thereasoris obviously thatthe accurag influenceof thesefactorsis lower
thattheinherenterrorsof matching.

In all systemsandversionsbig blundersremainin the results. With the exceptionof one case the maximumabsolute
error was never below 24 m, reachingto 233 m. Their percentagen easyterrain (glacier) is not very high but even
theretheir magnitudes severaltimesthe RMS. To solwe this problem,efficient postprocessingpols areneededr even
bettersophisticatednethodsfor automaticblunderdetection. Both cleanedversionsof DPW 770 shaved a dramatic
improvementover the raw data(especiallyfor versionl). Still mary blundersespeciallyin cliffs andbreaklinesemain
undetectedThecleanedrersionsalsoshown gapsin problematicareasbut for practicalpostprocessingorkit is preferable
to manuallymeasurgointsin suchgapsthansearchfor moreblundersn adensepointfield overthewholeterrainarea.
In all versionsthe bias(meanwith sign)is small,exceptsomecasesvherebig blunderdotally distortthe errorstatistics.



IAPRS, Vol. XXXIII, Amsterdam2000

The computatiortime is the longestfor Match-T andthe shortesffor VirtuoZo (morethanan orderof magnitudefaster
than both other systems). Although the differencesbetweenthe systemsin somecasesseemsmall, our analysis(and
additionalvisual controls)shoved that generallyVirtuoZo performsthe best,especiallyat breaklinesand steep rugged
terrain. However, whenmatchingfails, the errorstherecanbe very large (no graciousdeterioration).The cleanedDPW
770versionsarealsogood,with the exceptionof the cliffs of version2, but at the costof lower point densityandgaps.
For this type of variableruggedterrain, it is alwaysbetter(aswell for automaticblunderdetection,if supportedoy the
systems)o matchvery denselyand thenthin-out the resultsby an intelligent interpolationmethod. Matching should
be locally adaptve (within a very small area),dependingon terrainrelief andimagetexture, especiallyfor important
parametersik e 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 comparisonsn somesteepcliffs
shaved that versions2 performsbetter the global statisticsof Table 3 do not supportthis for the cliffs, especiallyfor
the cleanedversions. Version2 was expected,basedalso on experiencereportsof photogrammetridirms, to perform
betterespeciallyin thecliffs. This contradictioncanbedueto pooralgorithmsin the choiceof the best2 imagesandalso
becaus¢he meanterraininclinationseemso be computedn a neighbourhoodhanis too large (25x 25 grid meshesjor
therapidly varying Alpine terrain. Anotherreasorfor this worseperformancef version2, is thatin the cleanedversion
muchlesspointsthanin versionl hadpoor FOM, soit seemghat mary blundersremainedundetectedThis is alsoan
indicationthatwith the currentalgorithmsof the systemit is probablybetterto have independenmeasurementsf the
sameregion from 2 stereomodells;ombinethe resultsandthencleanthem,thantrying to selectthe best2 imagesout of
the 3, matchonly onceandthenclean.Comparinghetwo Match-T versionsshows thatthe adaptve grid performsmuch
better especiallyat cliffs andbreaklinesandproducedesspoints(smallerdatasetsfasterprocessing).

3 RESULTS OF LASER SCANNING

3.1 Preprocessing

The laserscanningdatawas preprocessetly the calibrationtechniquedescribedn Thiel and Wehr (1999)to estimate
misalignmentanglesbetweenthe lasercoordinateframe and the aircraft body frame. No further preprocessingsuch
asfiltering or classifyingobjects,wasappliedto the raw lasergroundpoints. As the laserscanningrequiresiow flying
heightabove ground(max.750m) to achievereasonableesultsandobtainenoughgroundreflection flight planningin the
mountaineousgerrainposedioughchallengesFor securityreasonsandbecausehe focusof applyingthe laserscanning
techniquewasput on thefirn areasof the glacier, flight lineslower thanan altitude of 3400m wereommitted. This led
to a heightover groundof 600m and1100m in the stereomodels0099and9392respectiely. Therecevedlasersignal
powerat1100m flying heightover groundwasatthelimit of S/N ratioandthusis expectedo resultin ahighRMS,when
comparedo photogrammetryThis holdsfor all datawith flying height>750m

Thelaserflight trajectorywasestimatedvith differentialGPSusingdoublefrequeny carrierphasemeasurementsthe

accurag of positioningandattitudemeasuremenis assumedo beabout0.05m andbetterthan0.05° respectiely, based
on previous investigationof the samesystemsetupflown over a runway asknown terrain(Favey et al., 1999a). To be

ableto comparehe heightsderivedfrom lasermeasurementsith photogrammetrytheraw laserdataweretransformed
to the Swissgeodetiddatumandprojectionsystem.Geoidundulationof centimeteaccurag (Marti, 1997)wereapplied.

As the coordinate®f the GCPsusedfor the photogrammetriecneasurementsereknown in the previous Swissreference
systemonly (not using true orthometricheights),local 3D translationparametersvere estimatedusing static DGPS

measurementsn a controlpointin theglacierarea.

| Version | #of comparisorpts | RMS[m] | Meanwith sign[m] | Maxabs.[m] ]
laserline west— laserline center 187092 1.27 —0.36 32.09
laserline center— laserline east 321778 1.29 0.13 68.93

Table4: Statisticsof differencef laserswathoverlaps.

Over the Lauteraagletscher3 laserlines (west,center and east)wereflown for airbornelaserscanning.The resultsof
a comparisorof the overlapregion is givenin Table4. Thetwo overlappingregionsof adjacentiaserswath lines shov
a RMS of about1.28m. This is mainly dueto unmodellederrorsin attitudeangleswhich appearto be worsethanthe
resultsobtainedoverthe runway dueto badflying conditionsduringthis flight (strongwinds andvibration). As partsof
the glaciercontainmary deepcrevassesmaximaldifferencesn the orderof tenmetersareeasilypossible.
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3.2 Comparisonwith Photogrammetry

3.2.1 Comparisonwith Manual Photogrammetry. A comparisorwith manualphotogrammetricneasurementsas
madeboth, on a per modelbasisaswell asall pointstogether(Table3). The “dark” partsfor the laserwavelengthof

810nm poseproblemsto the laserscanningechniqueasthereflecionthereis muchwealer thanon snov andice. This

is mainly the casein the cliff regionsandon debris-caeredpartsof the glacier In the region of model9392,the laser
technigueeachedts limits with aslantrangeof over 1200m (systenperformanceés guaranteetly thesystenproviderup

to 750m, which is the caseonly in models0099and9997)andalmostno recevedsignal,which resultsin anexpectedly
high RMS. On thetop models0099and9997,wherethe slantrangeis around600m, the RMS of still morethan0.7m

is probablydueto the attitudemeasuremerroblemsdiscussedn the previous section.Neverthelessthe projecttarget
of achiesing a DTM accurag of 0.5—-1m is achievedin this upperregion, at which theflight planningwastargeted.The
digital modelpointscomparedntheglacieronly show justaslightly lower RMSthanwhenincludingthecliff parts.This

is becausenuchblunderof the laserdatais on the glacierpartswherethe glacieris coveredwith debris,(seeFig. 3(h))

andthusonly aweakS/N ratio could be obtained.

Thessignedmeanvaluesof thedifferenceto the singlemodelsshov somesortof biaswhichincreasesvith theincreasing
flying heighttowardsthesouth-eastThisis aknown effect of thislaserscanningsystemwhichis dueto ayetuncorrected
biasof the raw distancemeasurementith increasingheightabove ground. This alsodistortsthe overall statisticswith a
“mean”bias.

3.2.2 Comparisonwith Digital Photogrammetry. Photogrammetrasshovn by theVirtuoZoexample,canmeasure
with equalor evenhigherdensitythanlaser Flighttimeis shorterflight planningis simpler andsensitvity of theresultsto
variationsof theflying heightovergroundis muchless.Thevisualquality of theimageds muchbetterthanthereflectvity
imageghattheusedaserscanneproducesFor thelaserscannersystemcalibrationis muchmorecomplicatecandhasa
muchstrongeiinfluenceontheaccurag. Ontheotherhandwith photogrammetryprocessingf thedatatakesmoretime,
is morecomplicatedandneedsmorespecialisedhardware (film developmentscannerdigital photogrammetricystem).
Sincephotogrammetridilm camerasusually do not have INS, groundcontrol points, which are difficult and costly to
establisrandmaintain,especiallyin mountaineousegions,areneededMost of the previously mentioneddisadwantages
will however disappeawith digital photogrammetricameraghatareexpectedhis year yet systemcalibrationwill then
shaw similar complicationsaandinfluencesaswith laserscanning.

Basedon Table 3, the lasers accurag is, unexpectedly lower thanphotogrammetryn the glacierdueespeciallyto the
lowerthreemodelswhich shav problemsn thedebris-caeredandcliff areasput alsodueto attitudeerrorsasexplained
above. This could be addressedby eliminating the laser points with a receved signal power lower than a threshold
andby flying lower lines with a maximumheightover groundof 750m. Wherelaserclearly beatsphotogrammetrys
the size of the large errors. As Table 3 shavs, the maximumabsoluteerror with laseris similar for all datasetsand
boundednotexceedingl4m). With photogrammetrgheblundersarelarger, especiallyat the cliffs andbreaklines With
improvementsn attitudedeterminationthelasermaybeableto reachthe expectedaccurag of 10—20cm. In suchacase,
photogrammetrgancompeteonly by increasingheimagescaleto about1:6500.

4 CONCLUSION

The projecttarget of achieving a DTM accurag of 0.5—-1m for the glacierwasachieved by all, exceptone, matching
versions. However, big blundersremainin the resultsmaking manualpostprocessingecessary Of the threedigital
photogrammetricystemdDPW 770 providesthe besttools for suchediting. Thus,a possibilityto employ digital pho-
togrammetryfor measuringsurfaceswasprovento be possibleevenin glacierregionswith very little texture. Matching
performancen rugged steepterrainandat breaklineson the otherhandis muchlessaccurateandthe blundersmoreand
larger, requiringmuchpre- and post-editing. Thus, in suchterrain,whenthe accurag requirementsrehigh, it may be
fasterto measuréhewhole DTM manually

Out of the 3 photogrammetricystemsthe bestconcerningaccurag, speedprice (at leastin our case)and ease-of-use
is VirtuoZo. However, it is alsothe closestsystem,with the poorestdocumentatiorand explanationof the underlying
algorithms. Very few matchingparametergan be set,which is an advantagefor productionervironmentsbut a disad-
vantagdor sophisticate@dndknowledgeablaiserswvho wish to experimentor improve the resultsby fine-tuningof some
parameterskinally, its pre-andpost-editingcapabilitiesarenot thatextensive aswith DPW 770.

Airborne laserscanningperformsaswell asdigital photogrammetraslong astheflying heightabove grounddoesnot
exceedthe systems ranginglimits of 750m. It performswell on white snov andice area,but blundersare likely in
debris-caeredor cliff regions. By usinglaserscanningthe areaof interestfor glaciermonitoringmay be expandedo
the entireglacierincluding the remotefirn areaswhich arenot accessibléy photogrammetrieneanseitherbecausef
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lack of texture or becauseano locationssuitedfor GCPscanbe found. With improvementsn attitudedeterminatiorand
calibration thelasermaybeableto reachthe expectedaccurag of 10-20cm.

Both digital photogrammetricystemsandairbornelaserscannersare expectedto improve in the future and have their
adwantagesnddisadwantagesThechoiceof oneof thesemeasuremenechniquesvertheotherrequirescarefulanalysis
of therequirement®f theapplicationat handandconsideratiorof additionalboundaryconditions.
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