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Abstract

Headlines of global warming and melting glaciers predict sustainable climate changes
for future generations. How much mass the glaciers actually loose, has been—despite
its importance—investigated only for a few glaciers, as in-situ measuring methods

are time-consuming and usually under-sampled.

Airborne laser scanning is a young technology opening new possibilities for quali¬
tative and quantitative determination of surface elevation changes of glaciers. Its

rise was possible through the combination of several modern measuring methods,
such as high-precision DGPS positioning in kinematic mode, attitude measurements

using inertial systems, and laser distance measurements to non-cooperative targets.

This work investigates the feasibility and possible improvements of the airborne laser

scanning technique with respect to the special circumstances of determining surface

elevation changes of glaciers. This consists of an error analysis of the
methodaswellasthescrutinyofitslimitations,anditsapplicationtoremote,alpineareaswithouttheneedofin-situmeasurements.Thekeyproblemconsistsinbringingtogetherallnecessaryelementsforgeoreferenc-ingthelaserdata,wherethequalityofeachcontributingparthastobemonitoredregardingaccuracyandsystematiceffects.ThequalityoftheGPStrajectorycanbedegradedbyvariousfactorslikeatmosphericrefraction,radiofrequencyinterference,orobstructionofsatellitevisibility.Thereliableidentificationoftheinteger-valuedcarrierphaseambiguitiescanbehinderedorevenmadeimpossiblebysucheffects.Theattitudesolutionwasrealizedusinganinertialmeasurementunit.AseparateattitudesolutionwithloweraccuracyusingaGPSmulti-antennaarraywasdevel¬opedandusedtocontrolandcorrectIMUdriftandoffseterrors.Aself-calibrationprocedurefordeterminingboresightmisalignmentangleswaselaborated.Theusedlaserscanningsystemshowedincreasedblundereffectswithlowreceivedsignalpower.Anapproachfordetectingandremovingblunderwasimplemented.Usingthelaserscanningsolutionpresentedinthiswork,aheightaccuracyof0.3mcouldberealizedflyingoverarunwayat500maboveground.Higherflyingheightabovegroundandturbulencesimpedetherealizationofthisdataqualityinthemountains;itamountstoabout0.5m.InthetestareaatUnteraargletscher,BerneseAlps,Switzerland,measurementsforatemporalanalysiswererepeatedlymadeusingthelaserscanningtechnique.ForthelowerpartsofUnteraargletscher,digitalsurfacemodelsoriginatingfromphotogrammetryareavailableforcomparison.Thedeterminationofthesurfaceelevationchangedistributionwasshowntobefeasiblewithanaccuracyof0.5-0.7m.Theareascoveredbyairbornelaserscanningarelocatedbetween2500and3400mabovesealevel.Fortheperiod1998-1999,asurfaceelevationincreaseof2-4mwasFavey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo
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measured. This positive change can be related to the immense amount of snowfall

during the winter 98/99.

The coverage of Unteraargletscher with measurements of surface elevation change
could be completed up to the remote firn areas thanks to the airborne laser scanning

technique. It is available for mass balance and flow modeling calculations.

Favey, E
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Zusammenfassung

Pressemeldungen von globaler Erwärmung und schmelzenden Gletschern prophe¬
zeien nachhaltige Klimaveränderungen für kommende Generationen. Wieviel die

Gletscher tatsächlich an Masse verlieren, wurde — trotz seiner Wichtigkeit — auf¬

grund der zeitaufwändigen und örtlich beschränkten Messmethoden vor Ort bisher

nur für wenige Gletscher gemessen.

Fluggestütztes Laserscanning, eine junge Technologie möglich durch die Vereinigung
moderner Messmethoden wie hochpräziser kinematischer GPS-Positionierung, Lage¬

winkelbestimmung durch inertiale Messsysteme, und reflektorlose Laserdistanzmes¬

sungen, eröffnen neue Möglichkeiten für die qualitative und quantitative Erfassung
von Höhenveränderungen von Gletschern.

Diese Arbeit untersucht die Durchführbarkeit und Verbesserungsmöglichkeiten der

fluggestützten Laserscanning-Technik im Hinblick auf die speziellen Umstände, die

bei der Erfassung von Höhenänderungen
vonGletschernvorliegen.DiesbeinhalteteineFehleranalysederMethodeansich,sowiedieErforschungihrerGrenzenundih¬rerAnwendbarkeitaufentfernte,alpineRegionenohnenotwendigeBodenmessungenimZielgebietselbst.DaszentraleProblembestehtimZusammenfügenallernötigenElementezurGe-oreferenzierungderLaserdaten,wobeidieQualitätderbeitragendenSystemehin¬sichtlichGenauigkeitundsystematischerEffekteüberprüftwerdenmuss.DieQua¬litätderGPSTrajektoriekanndurchverschiedeneFaktorenwieatmosphärischeRefraktion,Störsignale,oderAbschattungseffektestarkbeeinträchtigtwerden,dadieLösbarkeitmöglichstvielerPhasenmehrdeutigkeitendadurchverringertodergarverunmöglichtwird.FürdieLagewinkelbestimmungwurdeeineLösungausmehrerenGPS-Antennenrealisiert,umdieDrift-undVersatzeffektedesIntertial-systemszubestimmenundzukorrigieren.FürdieBestimmungderEinbauwinkeldesLasersystemsrelativzumInertialsystemwurdeeineSelbstkalibrationanhanddergemessenenDatenrealisiert.DasverwendeteLasersystemzeigtezudemFehler¬effektebeiniedrigerEmpfangssignalstärke.FürderenErkennungundEliminationwurdeebenfallseinAlgorithmusentwickelt.MitderLaserscan-Lösung,dieindieserArbeitvorgestelltwird,konntebeieinerFlughöhevon500mübereinerFlugpisteeineHöhenmodell-Genauigkeitvon0.3mrealisiertwerden.ImGebirgegestaltetsichaufgrundderhöherenFlughöheüberGrundundTurbulenz-EffektenzwischendenBergendieRealisierungderDatenqua¬litätetwasschwierigerundbewegtsichimBereichvon0.5m.ImTestgebietUnter¬aargletscherwurdenMessungenmitderLaserscan-TechnikfürtemporaleAnalysenwiederholtrealisiert.FürdietiefergelegenenTeiledesUnteraargletschersstehendi¬gitaleHöhenmodelleausderPhotogrammetriezumVergleichzurVerfügung.FürdieMessungenderHöhenänderungsverteilungaufdemGletscherzeigtesicheineGenauigkeitvon0.5-0.7malsrealisierbar.Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo
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Als Höhenänderung konnte in den gemessenen Gebieten des Unteraargletschers ein

Zuwachs von 2-4 m für die Periode 1998-1999 festgestellt werden. Die Gebiete liegen
zwischen 2500 und 3400 m über Meer. Dieser lokale Zuwachs kann mit den heftigen
Schneefällen des Winters 98/99 in Verbindung gebracht werden.

Die Abdeckung des Unteraargletschers mit Höhenänderungsmessungen wurde dank

der Lasertechnik erstmals bis in die obersten Firngebiete erweitert, und steht für

weitere Massenbilanzberechnungen und Fliessmodellierungen zur Verfügung.

Favey, E
,
2001 Investigation and Improvement of Airborne Laser Scanning Technique for Monitoring Surface Elevation Changes of
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1

1. Introduction

1.1. Motivation and Aims of Project

Airborne laser scanning has experienced a rapid increase of interest in the recent

years. Naturally, this new method evokes dreams of easier data collection with

reduced costs and pain to researchers of environmental sciences such as glaciology.
But for a task like estimating surface elevation changes for deriving mass balance

thereof, only sparse experiences have been made due to the fact, that most laser

scanning activity is focused on urban applications.

Measuring the mass balance of glaciers is important to understand the counteracting
of glacier dynamics and climate change. Yet, the determination of mass balance

distributions with the traditional method by interpolating results from a number of

in situ stake measurements is time consuming and is, despite its importance, only
made for a small number of glaciers in the world. Alpine glaciers are sensitive to

changes in local climate (e.g. Oerlemans, 1994), and may contribute significantly
tosealevelvariations(Meier,1984;SchwitterandRaymond,1993).Byusingremotesensingmethods,massbalancecannotbeobserveddirectly,butestimatesofvolumechangesareeasilyfeasible.Thoseestimatescanbeusedtovalidatecalculationsofnetmassbalancebasedontraditionalstakemethods(Funketal.,1997),andtotesttheoreticalconceptsabouttheresponseofglacierstochangesinclimate(Jôhannessonetal.,1989).Estimatesofsurfaceelevationchangesmayalsoserveasinputdatafornumericalflowmodels(GuömundssonandBauder,1999)basedonthekinematicboundarycondition(Equation1.2),whichisusedinconjunctionwithotherremotesensingproductstodeterminethemassbalancedistributionwithoutresortingtodirectfieldmeasurements.ThereforenecessaryaccurateDigitalSurfaceModels(DSM)canbegeneratedfromaerialphotographsonlyiftheglacierdisplaysenoughsurfacetexture,whichunfortunatelyisnotalwaysthecase.Infact,agenerallackoftextureforsnowposesafundamentaldifficultyforgeneratingaccurateDSMsofaccumulationareas.Awayoutisairbornelaseraltimetry,whichisapromisingmethodforDSMgenerationofsnow-coveredareasasitmaybeusedindependentlyofsurfacetexture,externallightsources,andcontrolpoints.Thisworkassessesthefeasibilityoftheapplicationofairbornelaserscanninginmountainousareasformeasuringsurfaceelevationchangesofglaciers.ThetestFavey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045



Introduction 2 Chapter 1

151 652 653 654 655 656 657 658 659 660 661 662 663 664

easting [km]

Figure 1.1.: Map of Unteraargletscher. The area to be mapped by airborne laser

scanning is the upper part of the glacier to the west of the 658 km line.

The glacier boundary is drawn as a bold line. Contour interval: 100 m

data is taken mainly on Unteraargletscher, Bernese Alps, Switzerland (Figure 11),
where it is used for an already existing numerical flow model by glaciologists. The

accumulation zone of the glacier was chosen to extend the existing DSM generated

by photogrammetric means. For comparison purposes, one part of the area covered

by photogrammetric DSMs was also scanned by the airborne laser system.

Software for georeferencing laser profiling data has already been developed in our

institute at an earlier stage. This includes the processing of kinematic GPS data

with 'on the fly' ambiguity resolution in the dual frequency mode, as well a some self-calibrationapproachtocalculatebore-sightmisalignmentsdirectlyfromlaserdataforthespecialcaseofmeasuringwatersurfaces.Thiswastobeextendedtoacompletedirectgeoreferencingsystemapplicabletoanytypeoflaserdata.Especiallyinareaswithnoknowngroundtruthlikeremotemountainousregions,thecostanddifficultyofestablishinggroundcontrolpointsisimmense.Thatiswheredirectgeoreferencingofairbornedatacanbeofgreathelp.FaveyE2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurichDissNo14045



Chapter 1 3 Introduction

1.2. Related Work

1.2.1. Airborne Laser Altimetry

During the last decade Airborne Laser Altimetry (ALA) has matured so that very

precise extended digital surface models were obtained operationally with height ac¬

curacies better than 20 cm. At present automatic algorithms are under development
and partly operational for deriving digital elevation models (DEM) on the basis of

ALA-data. Typical laser surveying results reveal that DEMs derived from ALA-data

have at least the same accuracy as photogrammetric surveys. Even in forest areas

DEMs can be generated (Lindenberger, 1993; Kraus and Pfeifer, 1998), because the

number of laser returns from ground are sufficient if the survey is carried out during
the winter season. Recognizing these advantages, the group of customers for ALA

has been growing rapidly. Various service providers and airborne laser scanning systemmanufacturershavebeenestablishedonthemarket.Manufacturersaree.g.Optech,ToposysandSAAB.InEuropeserviceprovidersaree.g.Toposys,TopScanandTerraSurveys.MostairbornelaseraltimetryactivitiesareconcentratedonurbanareasasanewtooltoquicklygenerateDigitalSurfaceModels.Remotesensingresearchfocusescurrentlyonautomaticobjectextractionmethodsinordertorecognizeandremovehouses,treesandotherobjectsinaDigitalSurfaceModel(DSM)togenerateaDigitalElevationModel(DEM)(e.g.MaasandVosselman,1999;HaalaandBrenner,1999;Axelsson,2000).Nevertheless,airbornelaseraltimetryalsoexperiencedincreasedinterestfromothersciencebranchessuchasglaciology.AirbornesurfaceprofilingofglaciershasbeenconductedinNorthAmericaonanumberofglaciers(Echelmeyeretai.,1996;Sapi-anoetai.,1998;Aoalgeirsdôttiretal.,1998).Theaccuracyinheightoftherepeatedlaserprofilingwasestimatedtobeabout0.3m.DSMsovertheGreenlandicesheetwith10-20cmaccuracyinheightweremeasuredbyNASAusingascanninglaseraltimeterfirstbyGarvinandWilliams(1993)andlaterbyThomasetai.(1995)andKrabilletai.(1995).Validationwasdonebyeithercomparingselectedpoints,orbycomparingtwostripsmeasuredbythesamesysteminaperpendicularflightlinearrangementatthecrossoverarea(repeatability).KennettandEiken(1997)havemadelaserscanningmeasurementsonaNorwegianglacierwithanominalaccuracyinheightof10-20cm,derivedfromrepeatabilityandsomemeasurementsoveranice-freearea.AirbornelaserprofilinghasbeenintensivelyusedforGeoiddeterminationinGreeceandSwitzerland.Theprinciplewithaself-calibrationtechniqueisdescribedbyGeigeretai.(1994).Forgeoiddetermination,thelaserdistancetotheseasurfaceismeasured.Sincetheseasurfaceheightisclosetotheequipotentialsurfaceofthegravityfield(discardingcurrentsandwindeffects)itispossibletoobtainthereliefofthegravityequipotentialsurfacebysamplingtheseasurfaceheight.Theself-calibrationprocedureassumes,thatthemeasuredsurfaceisflat,whichisalmostFavey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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true in the case of lakes. Cocard et al. (1997) applied this method to map the

surface of the Ionian Sea. Favey and Schlatter (1998) determined the geoid of the

Lake of Geneva by both airborne laser altimetry and by conventional methods to

serve as reference. Thus a qualitative and quantitative comparison could be made.

The geoid determined by laser profiling matches the reference geoid by ±3 cm with

a systematic offset of 10cm.

1.2.2. Glaciology

The traditional approach to determine the mass balance distribution is to interpolate
results from a number of in situ stake measurements (0strem and Brugman, 1991).
This method is not only time consuming, but also prone to errors on the order

of the signal to be observed itself (0strem and Haakensen, 1999). Thus various

alternative approaches
tomeasuremassbalancewithpossiblyareducedamountoffieldworkhavebeensuggestedandtested.Thesemethodsmaybedividedintotwogroups,dependingonwhetheritisthespatiallyaveragedannualmassbalance(netbalanceofthewholeglacier)orthemassbalancedistributionthatisdetermined(GuömundssonandBauder,1999).Estimatingnetmassbalancechangerequiresinformationontherateofchangeinglaciervolume.Thisinformationcanbeextractedfrommapsofdifferenttimeperiods,orfromcomparingDSMs.InSwitzerland,suchstudieswereconductedfortheRhonegletscher(ChenandFunk,1990)andforGriesgletscher(Funketal.,1997).CombiningtheinformationofoldmapsandheightinformationmeasuredbyairbornelaserprofilingwasdonebySapianoetai.(1998)onninedifferentglaciersinAlaska.Theyderivethenetmassbalancebyextrapolatingtheheightdifferencefromoldmapsalongtheirlaserprofilestoavolumechangeofthewholeglacier,andthenapplyingassumedicedensities.Withthehelpofanempiricalenergy-balancemodelfromOerlemansandFortuin(1992),conclusionsaboutanaveragetemperaturechangearedrawn.Mostapproachestoestimatethemassbalancedistributionarebasedontheuseofthecontinuityequation:dhf+V-,=*(1.1)wherethemassbalanceratebisdeterminedindirectlyfromtheobservedsurfaceelevationchangeswithtimedthandbyestimatingthehorizontaldivergenceofthefluxvectorq.Thus,forthismethodsomeknowledgeabouttheflowfieldoftheglacierisneeded.ExamplesfortheuseofthismethodcanbefoundinReynaudetal.(1986)andRasmussen(1988).YetanotherapproachisproposedbyGuömundssonandBauder(1999),whichusesestimatesofsurfaceelevationchangesdthasinputdataforanumericalflowmodelbasedonthekinematicboundarycondition(Equation1.2).InconjunctionwithFavey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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other remote sensing products, DSM changes are used to determine the mass balance

distribution without resorting to direct field measurements. The kinematic boundary
condition

—öl—
+ vx{x, y)—7^— + vy(x, y)—y vz(x, y) = b(x, y) (1.2)

describes the relation of quantities defined at the glacier surface with the mass bal¬

ance rate b(x,y). The surface slopes (dxh,dyh) and the surface elevation changes

(dth) can be calculated from Digital Surface Models (DSM), which is not the case

with the surface velocity v =

(vx,vy,vz).SomefirstresultsforthelowerpartofUnteraargletscherarepresentedinBauderandGuömundsson(1996).Adetaileddescriptionofthemethod,especiallyonthecalculationofthevelocityvectorcom¬ponentsvx,vyandvz,isgiveninGuömundssonandBauder(1999).ThisworkfocusesonassessinghowwellairbornelaserscanningcanhelpdeterminesomeoftheelementsonthelefthandsideofEquation1.2forUnteraargletscher.Theglacierhasbeenthesubjectofnumerousglaciologicalstudiesoverthelast150years.AnextensivelistofreferencestoglaciologicalworkislistedinZumbühlandHolzhauser(1988,1990).RecentstudiesonUnteraargletscherhavefocusedontheflowpropertiesoftheconfluenceareaofthetwomaintributariesFinsteraar-andLauteraargletscher(Guömundssonetal.,1997;Guömundsson,1999b),onstrain-ratevariationsduringmini-surges(Guömundsson,1999a),andonthetemporalvariationsinshearingwithdepth(Guömundssonetai.,1999).1.2.3.GPSandINSforSensorOrientationCoalescingGPSandINSforsensororientationisnotanewidea.ForexampleGold-farbandSchwarz(1985)mergethesetwosystemsforairbornepositioningpurposes.HowwellGPSandINScanbejoinedandwhatkindoftrade-offsonehastoconsiderwasstudiedbyLipman(1992).Heconcludes,thatthekindofcouplingtobechosendependsonthefinaluser'sparticularsituationandneeds.Kerr(1994)studiestheuseofGPS/INSforgeoreferencingmulti-sensorscannerdata.UsingGPSaidingforStrapdownINSOrientationusingKaimanfilteringhasbeenstudiedtoimprovetheorientationsolution(e.g.Skaloud,1995;Söhne,1996).AcontinuationofthisapproachtooptimizetheestimationprocedureinINS/GPSintegrationusinganadaptiveKaimanfilterisfollowedbyMohamed(1999).DerivingvehicleattitudeinformationfrommultipleGPSreceivershasbeentriedsincetheearlydaysofGPS.Mostimplementationsarebasedontheapproachde¬scribedbye.g.Cohenetal.(1992).Oneofthefirstpresentationofflighttestresults,usingfourantennaeonaDouglasDC-3,wasgivenbyvanGraasandBraasch(1991).Usingmultipleantennaeconnectedtoonesinglereceiverwasawidelyfollowedap¬proach(e.g.SanterreandBeutler,1993);evencommercialsystemsemerged,thoughtheyhavemostlydisappearedtoday.TrimbleInc.producedafour-antennaeGPSreceivercalledVectordesignedforattitudedetermination.Cohenetal.(1992)Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo
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find an attitude accuracy of 0.07 degrees (1er) for a 3m baseline using this special
hardware. Kinematic tests with Ashtech's 3DF system were made on a truck, us¬

ing a Litton strapdown INS as reference information (Schwarz et ai., 1992). The

observed accuracy using 1-2 m baselines was about 0.2-0.5 degrees.

A setup on a Twin Otter aircraft was realized by Cannon and Sun (1996), which

is somewhat similar to our implementation presented in Section 4.3. As two of the

antennae were installed on the wingtips, Cannon and Sun (1996) model wing flexure

along with their attitude solution. The observed agreement between GPS and INS

was 0.12 degrees RMS. Their evaluations were made with the software developed at

their institute (Lu, 1995). Another approach that makes use of the known antenna

geometry to help ambiguity resolution is presented in Euler and Hill (1995). A more

general overview on sensor orientation issues is given by Skaloud
(1999).Hisworkfocusesonfilteringandde-noisingtheINSsignalandusingINSinformationtohelpresolvetheGPSambiguityresolution.Inthepastfewyears,georeferencingmethodsforairbornelaserprofilingdatafordeterminingwatersurfacesweredevelopedatourinstitute(Geigeretai.,1994;FaveyandSchlatter,1998).Forprofiling,thepositioningissolvedseparatelyfromtheaircraftattitudeusingthekinematicGPSsoftwaredevelopedbyCocard(1995).ThekinematicGPSalgorithmswerevalidatedinflightbyusingphotogrammetry(Grünetal.,1993),aswellasduringvariousterrestrialcampaigns.Thepositioningsolutionwasalsousedforairbornegravitysurveys(Klingeleetai.,1997)asasourceforairbornegravityreduction.1.3.ThesisOutlineInChapter2,asatheoreticalbackground,thebasicequationsandtheirerroranal¬ysisofdirectgeoreferencingarepresented.Anoverviewoftheusedlaserscanningsystemisgiven,withsomecommentsregardingtiming,reflectivityonsnowandice,andlaserdistanceblunderdetection.Thehardwareusedforrealizingthelaserscanningmeasurementsispresented.Chapter3presentsanextensiontoexistingkinematicGPSsoftwareforprocessingamovingbasevector,attachedtotheaircraft.Inasecondpart,variouserroreffectsarestudied,whichdegradethepositioningresultsofkinematicDGPStrajectory.Mitigationapproachesfortroposphericpathdelayerrorarediscussed,aswellastheinfluenceofcycleslips,andsatellitelossduetointerferenceorobstruction.Chapter4focusesonacrucialelementofdirectgeoreferencing:thesensorattitudedetermination.AmethodforcalculatingtheaircraftattitudefromanarrayofmultipleGPSantennaeispresented.ThisGPSattitudeisusedtoestimateandcorrectsystematicINSerroreffects.Acomparisonbetweenthissolutionandanindependentcommercialsolutionisusedtoverifythesolution'sperformance.Chapter5treatsthedeterminationoftheinnerorientationparametersleverarmsFavey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo
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Chapter 1 7 Introduction

and boresight misalignment. For the angular misalignment offsets, a self-calibration

technique using directly the laser height data is developed. The way irregularly
distributed points are gridded to a regular grid is described.

Chapter 6 presents the results of laser scanning on the glacier. A repeatability anal¬

ysis using the strip overlaps is made. The temporal aspect of generating DSMs by
remote sensing to generate surface elevation changes is treated and the glaciological

impact is discussed.

In Chapter 7, the results of laser scanning measurements are compared to various

sources of 'ground truth', such as terrestrially measured GPS points and photogram-

metrically generated DSMs of part of the target glacier's area. The relation between

the different geodetic data, in which the laser and the photogrammetric DSM are

given, is discussed.

Chapter 8 draws conclusions from the research work conducted and also gives rec¬

ommendations for future investigations.

Some of the material presented in this work has been either previously published or

submitted for publishing. In those cases where the candidate has been either the

author or the first co-author of these papers, quotations are not indicated as such,
but the work is simply referenced.

Favey, E
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2001 Investigation and Improvement of Airborne Laser Scanning
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2. Airborne Laser Scanning

Technique

2.1. Introduction

The goal of airborne laser scanning is to produce a DSM by measuring the absolute

surface elevations. Using a laser beam, the distance from the aircraft to the ground
is measured as

r = ±ct (2.1)

where t is the traveling time of the laser signal, and c is the speed of light. The

aircraft position can be determined through the use of differential GPS carrier phase

positioning with an accuracy of a few centimeters (e.g. Krabill and Martin, 1987;

Cocard, 1995; Seeber, 1993). This positioning capability, when combined with the

attitude of the moving platform, serves to reconstruct the full vector of the GPS

antenna to the ground (e.g. Geiger et al., 1994; Vaughn et al., 1996). The ground

point is then calculated by vector additions and rotations, as described in the last

section of this chapter.

The laser scanning was realized in cooperation with the Institute of Navigation,

University of Stuttgart, using the ScaLARS II laser scanner they developed (Hug,
1996). After describing the specialties

ofthislaserscannerhardware,theinstrumentsetupandspecificationsusedforgeneratingthelaserdataaregivenindetail.2.2.DistanceMeasurementwithLaserLight2.2.1.DistanceMeasurementwiththec/wTechniqueThecontinuouswavetechniqueofmeasuringrangesisbasedondeterminingthetimeti,amodulatedsignalneedstotraveltothetargetandback.WehrandLohr(1999)giveadetailedoverviewofthistechnique,ofwhichashortsummaryiscitedhereafter.AstheperiodTofthesignalisknown,thetravelingtimetLisdirectlyFavey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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proportional to the phase difference (f) between the received and the transmitted

signal. Thus II is calculated by

tL = -^T + nT (2.2)
Z7T

where n is the number of full wavelengths included in the distance from the laser

transceiver to receiver. Related to the modulation signal frequency, tL can be written

as

h=h+i (2-3)

If the phase difference (f) is measured, the range is

^
c

,
nc

,n lS

and the range resolution is therefore

AR = ^-^-A(f) (2.5)

Thus, therangeresolutioncanbeincreased(lowerAi?)byusingahigherfrequency/foragivenphaseresolutionA(f).Therangingaccuracyisadditionallyrelatedtothesignaltonoiseratio(Hug,1996),whosesquarerootisproportionalthereceivedopticalpowerPR,aswellastothenoiseinputbandwidthB,whichisproportionaltothemeasurementrate.aR~-—(2.6)AsScaLARSIIusestwomodulationfrequenciesof1and10MHz,the10MHzdeterminestherangeresolutionandaccuracy,whereasthe1MHzdeterminesthemaximumunambiguousrangecA^Vax~jTrmax~Z\')Thusthelongestunambiguousrange,thatthislasersystemcandetermineisabout70m,whichcanposeproblemsinthesteepcliffsadjacenttotheglacierandonsteeppartsontheglacieritself.TheproblemsduetoambiguityresolutionarediscussedindetailinSection2.2.4.Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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2.2.2. Laser range calibration and refraction correction

The laser range calibration was done by the University of Stuttgart by measuring a

true reference range with the laser equipment. The reference range s was measured

by differential GPS/INS (Thomas, 2000).

The laser range correction to be applied to the measured range lm was modeled as

s = lc = lm + f{r) + f(b) (2.8)

where s stands for the true range
andlcforthecorrectedmeasurement.Thefirstcorrectionf(r)isrelatedtocrosstalkeffectsofthec/wmeasuringtechnique,wherer~lm=âmj[p^isacorrectionoflmdependentonthereceivedlaserpowerb.Theatmosphericcorrectionduetothemeteorologicalconditionsprevailingatthesceneofcalibrationisintrinsictothemodelingfunctionsf(r)andf(b).ThusaremainingrefractioncorrectiontotheverticalairbornelasermeasurementsismodeledbycombiningEquationsB.5andB.8(cf.AppendixB).Letkbethecorrectionfactor,themeteocorrectedverticalrangeintheairlamaybemodeledas:la=k-lc(2.9)withwhereno:refractionindex,thatwasvalidforthehorizontalcalibrationmeasurementna:refractionindexattheairplaneng:refractionindexonthegroundattheglacierTogetanestimationforthemagnitudeofthiseffect,atypicalsettingfortheglacieristaken.UsingtheequationsinAppendixB.l,no(400m),na(3500m),andn9(2500m)arecalculatedandinsertedinsertedintoEquation2.10.Theresultingfactork=1.000060shows,thattheremainingcorrectionduetodifferentatmo¬sphericconditionsatthedifferentscenesofrangedistancemeasurementisontheorderof6cm/km.AfirsttestflightovertheglacierareawereundertakeninAugust1997.Duringthiscampaign,severalproblemsoccurred,whichmadethedataqualitytobeworsethanlm(Faveyetal.,1999).Basedontheseexperiences,thelaserscanninghardwarewasimprovedbytheInstituteofNavigation,UniversityofStuttgart.Thetimedigitizationunitbuiltintothelaserscanningdeviceneededtobereplaced,asitwasnotfunctioningproperly.Thecrosstalkcorrectionneededtoberevised.Thelaserpowerwasupgradedinordertoreachlongerdistances.Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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Figure 2.1.: Typical reflectance properties of snow and ice in relation to the wave¬

length (from O'Brien and Munis, 1975). Note the very good reflectance

of light at 810 nm and the decrease of reflectance with higher wave¬

lengths.

2.2.3. Albedo of Snow and Ice for the Laser Wavelength

O'Brien and Munis (1975) have studied the reflectance properties of snow with

varying conditions. The reflectance of snow respective to the laser light wavelength
is shown in Figure 2.1. The laser light of 0.81 /im the ScaLARS II system uses is close

to visible light and has very good reflectance properties even on old and refrozen

snow, as opposed to a wavelength of 1.5 /im, where snow appears to be almost black.

Depth of insertion into snow at a wavelength close to visible light is according to

Gubler
(1998)lessthan1cm,andthuswasnotfurtherinvestigated.Snowandglaciericeareanearlyperfectdiffusereflector.2.2.4.BlunderDetectionandRemovalThelaserscanningsystemScaLARSusesthecontinuouswavetechniqueformea¬suringdistances.ThecountoffullwavelengthsninEquation2.4isanambiguousvalue.Ithastobesolvedforeachmodulatedfrequency.AccordingtoEquation2.7,theambiguityforthelongestwavelengthhastobedeterminedwithaprioriknowledgeoftheterrainwithanaccuracyofA/2m75mforthelongestwavelength.Iftheterrainisslowlychanginglikeinaflatareaorwithrollinghills,thisambiguitycaneasilybeinitializedbyusingtheflyingheightabovegroundgivenasGPSaltitudeminusgroundheightreadfromamap.Duringtherestofthestrip,thephasestayslockedandthedistancescanbedeterminedwithoutproblems.Inanalpineenvironment,distancechangesovermorethan150mcanoccurwithinonesinglescanmirrorrotationduetostepcliffs.AlossofphaselockcanalsooccurFavey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045
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if the reflected signal intensity is very low. If the ambiguity is determined from the

previously measured distances, it may easily be fixed to a wrong value, as the terrain

may have changed over more than 70 m.

There exists a DHM covering all of Switzerland with a 25 m grid spacing and an

accuracy of 10-20 m. It is called DHM25 and was produced from topographic maps

by the Swiss Federal Office of Topography. This DHM was used to address the problemofthelongwavelengthambiguityfixing.EachcalculatedgroundpointheightiscomparedwithareferenceheightderivedfromtheDHM25bybilinearinterpolation.Ifthedifferenceisgreaterthan70m,theslantrangeiscorrectedbyonewavelengthandthenewlycalculatedgroundpointcomparedagain.Thisway,thelongwavelengthcanalwaysbedeterminedcorrectly.Evenifthelongestwavelengthambiguitycouldbecorrectlyresolved,theshorterwavelengthambiguitysometimescannotbederivedcorrectly.Acomparisonwithknowngroundtruthrevealedanincreasedblunderprobabilitywithlowreflectanceintensity(cf.Section7.2.3,page119).ThisproblemwasalreadynotedbyHug(1996)duringthedevelopmentoftheScaLARSIIinstrument.Introducinganintensitythresholdisnotsatisfactory,astoomuch(about10%)ofthegooddatawouldbeincorrectlyeliminatedasblunder.Thisproblemwasaddressedusingasimpleblunderdetectionalgorithm.GivenageoreferencedlaserpointcoordinateXk={xk,Uk,zk)T',acorrespondingheightisinterpolatedfromthesurroundinglaserdatapointsx%locatedatadistancep%=y/(xt—Xk)2+(yt—Vk)2-,andthedifferencedhisbuilt:$^w«(p«dh=zk-**(2.11)wherewt(pt)isaweightfunctiongivenas:enwl=(2.12)ThecharacteristicsoftheweightingfunctionaredescribedindetailinSection5.4.Forthespecialpurposeblunderdetection,thecorrelationlengthsischosenlongenoughtoincludeabout5-10neighboringmeasurements,whereasanexponentn=6ischoseninordertohavemultiplenearestneighborsequallyweighted.Figure2.2showsthechosenformoftheweightfunctionusedforblunderdetection.Thiswayanoutliercanstillbedetected,evenifanotherofthecontributingpointsxtisblunderaswell,becausetheotherpointsinthedomainwilldrawtheinterpolatedheighttowardsthecorrectgroundposition.If\dh\>A/imax(2.13)Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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Figure 2.2.: Form of the weight function w(n,e) versus the distance p.

the point k is rejected as blunder.

The threshold A/imax depends mainly on the wavelength A2 of the high modulation

frequency. Using the height accuracy of the final ground point aX3 from Equation

2.27, we can write a criterion for choosing A/imax:

3 •

aX3 < A/w <
y (2.14)

The studied laser data shows a very characteristic distribution around NX2 values

(Table 7.3) with about 5-10% of all data being blunder. The percentage is strongly

depending on the reflectance intensity. If blunder should be detected alsoindarkerpartswherepointswithawrongambiguityTVappearwithincreasedprobabilityclosetogether,(yetnotnecessarilywiththesamesignofN,)itisadvisabletouseanA/imaxcloserto4fthanto3•aX3.Thesmallerthethresholdisset,themorelikelygooddataisdiscardedbecauseitisnoisyduetoroughterrain.Thecloseritisto4f,themorerobustitisagainstalocalaccumulationofblunder.SmallfeatureslikethincrevassesorsmallrocksofthesizeofAarelikelytobeeliminatedasblunderaswell.Ontheotherhand,largefeaturessuchascliffsorstep-liketerrainwillnotbeeliminatedifmorethanhalfofthecontributingpointstotheinterpolationaresituatedonthefeature.2.3.InstrumentSetupandSpecifications2.3.1.TheAircraftAllofthethreelaserscannerflightswereperformedwithaslightlyvaryinginstru¬mentsetup,especiallywithsystemsthatwereimprovedandthuschangedovertheyears.TheflightswereperformedwithaDeHavillandDHC-6TwinOtteraircraft(Fig.2.3)ownedbytheSwissFederalOfficeofTopography(L+T)andoperatedbypilotsoftheSwissAirForce.TheaircraftisequippedwithtwofullyoperationalRC30aerialcamerasandtheAerialSurveyControlTool(ASCOT)navigationsystembyFavey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045
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LH-Systems. To mount the laser scanning system, the aerial camera just behind the

cockpit was unmounted. The laser scanner system was mounted instead to fit its

field of view optimally through the opening of the aircraft floor. The aircraft is also

equipped with a Collins AP-106 flight control system and FD 112-C flight director.

Figure 2.3.: The DeHavilland DHC-6 Twin Otter

2.3.2. GPS receivers

The aircraft was equipped with up to seven GPS receivers operating at sampling
rates between 1 Hz and 4 Hz (Table 2 1). Four single frequency antennae were in¬

stalled on the wings, the tail, and the fuselage. Additionally, three dual frequency
antennae were installed distributed along the fuselage (Figure 2 4).

The single frequency receivers were operated on a higher frequency to use the denser

information for GPS attitude determination. The REAR receiver was used for tra¬

jectory recovery as well as for attitude determination on all flights. The FWDB

antenna was only used to provide the Applanix System with a GPS antenna during
the 1999 flight.

Additional data was collected by the Leica GPS receiver, which is used for the

ASCOT navigation system. An AM differential signal radio receiver providing dif¬

ferential GPS carrier phase corrections was connected to the ASCOT system to

ensure an optimal realization of the planned flight lines. The navigation part was

operated entirely independently of the laser scanning and data logging facilities.

Favey E 2001 Investigation and Improvement of Airborne Laser Scanning Technique for Monitoring Surface Elevation Changes of

Glaciers ETH Zurich Diss No 14045
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TAIL^

FR.NT LEFT / RGHT

FWDB \ I LEICA

TAIL

"

Position of INS

REAR Trimble 4000SSI (L1/L2)

FRNT, TAIL, RGHT, LEFT NovAtel (L1)

LEICA Leica (L1/L2), FWDB NovAtel (L1/L2)

Figure 2.4.: Distribution of GPS antennae on the DeHavilland Twin Otter. The

location of the strapdown INS system is marked as well.

ID receiver type frequency operated at

REAR Trimble 4000 SSI dual

LEICA Leica SR9500 dual

FWDB NovAtel GPSCard dual

FRNT NovAtel GPSCard single
TAIL NovAtel GPSCard single
LEFT NovAtel GPSCard single
RGHT NovAtel GPSCard single

2 Hz, 1997-99

1 Hz, used for ASCOT navigation system

1 Hz, 1999 only, for Applanix system

4 Hz, 1998-99

4 Hz, 1998-99

4 Hz, 1998-99

4 Hz, 1998-99

Table 2.1.: Airborne GPS receivers and antennae
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Two industrial personal computers (INPC) were used to log the data of the four

NovAtel receivers, each computer taking care of two receivers. A third INPC was

used to log the data of the strapdown inertial system of iMAR (See Figure 2 9).

2.3.3. Gyro Platform and Strapdown INS Systems

Three different inertial measurement units (IMU) were used, as the newer systems

becoming available performed with better accuracy than the preceding systems. The

first system used to determine the aircraft attitude was a Sperry Gyro platform,

formerly build into an air force fighter and later adapted for civilian use to acquire
attitude measurements. This system provides directly the attitude angles with a

resolution of 0.001°. It suffers from drift effects, and was used only during the 1997

test campaign.

Figure 2.5.: Inertial System of iMAR installed on the aircraft floor. The industrial

PC to the left was used to control the unit and to log the data.

During the two main campaigns of 1998 and 1999, a strapdown IMU of iMAR GmbH

was used. It operates at a measuring frequency of 100 Hz, and provides an angular
resolution of 0.001°. It uses shock-resistant closed loop fiber optical gyros (FOG)
and three accelerometers arranged in perpendicular axes. The system uses an initial

alignment performed before every survey to determine its orientation with respect to

Favey E 2001 Investigation and Improvement of Airborne Laser Scanning Technique for Monitoring Surface Elevation Changes of

Glaciers ETH Zurich Diss No 14045
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the earth. For this purpose the gravity vector (local vertical) and the earth's rotation

axis (true north direction) are determined. After this initialization procedure, the

raw measurements are merely logged. Some aiding capabilities are build into the

post-processing software providedbythemanufacturertousethegravityvectortominimizerollandpitchdrifteffects.Yettheseaidingcapabilitieswerenotused,astheyshowedswayingeffectssuperimposedbythefiltering.Toestimatethedriftandoffset,anapproachusingtheloweraccuracyGPSattitudeasstabilizingreferenceispresentedinChapter4.Figure2.6.:InertialSystemofApplanix.ThetopimageshowstheIMUmountedontopoftheyellowlaserscanningmirrormotor.ThebottomimageshowstheApplanixcontrolunitmountedinarack.AthirdIMUofApplanixCorp.,POSAV310,wasusedduringthe1999campaign.Itoperatesatameasuringfrequencyofupto200Hz,andprovidesanangularaccu¬racyof0.013°RMSforrollandpitch,and0.035°RMSforheading(manufacturer'sproductspecification).ThissystemwasusedalongwiththeiMARsystemtovali-FaveyE2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurichDissNo14045
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date the attitude solution approach presented in this work.

2.3.4. Laser Scanning System ScaLARS II

( direction

of flight

Figure 2.7.: The ScaLARS II laser scanner built by the Institute of Navigation,

University of Stuttgart (Graph by A. Wehr, Univ. Stuttgart). The

laser scanning hardware was flown in anti-parallel direction than shown

in this graph, as the system would not fit into the airplane the other

way around.

The laser scanning system used during all flights was ScaLARS II, developed by
the Institute of Navigation, University of Stuttgart. Opposed to most other air¬

borne laser systems using light pulses, itusesarangemeasuringtechniquecalledcontinuouswave(c/w)modulation(Hug,1996).Thelasertransmitsacontinuoussignal.Rangingiscarriedoutbymodulatingthelightintensityofthelaserlightwithtwosinusoidalsignals,whicharereceivedwithatimedelaycorrespondingtothelengthofthetraveledpath.ThetechniqueisdescribedinmoredetailinSection22.ScaLARSIIusesanutatingmirror(Palmerscanmechanism,Figure28)toproduceanellipticalscanpatternontheground.Thelasersystemwasinitiallydesignedtooperateataflyingheightof150-450maboveground(Hug,1996).Itwaslaterenhancedtomeasureupto750m.FaveyE2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurichDissNo14045



Airborne Laser Scanning Technique 20 Chapter 2

m

rt\\"~Mirror

Figure 2.8.: Scanning mechanism: Palmer scan (from Wehr and Lohr, 1999). u

stands for the angle of mirror rotation; it is digitized to reproduce the

scanning geometry, a is the angle of the true mirror plane to the mirror

axis normal.

wavelength 810 nm

beam divergence 2 mrad

measuring range (p = 20% ) 750 m

scan rate < 20 Hz

footprint on ground « 2m

point spacing « 2m

measurement rate 7.5 kHz

swath width (h = 700 m) 338 m

uncertainty in slant range 0.12 m

modulation c/w-sinusoidal 10 MHz, 1 MHz

scanning angle in flight direction ± 9.7
°

scanning angle perpendicular to flight direction ± 13.6°

measuring ground reflectivity yes

Table 2.2.: Important laser system parameters

Favey, E., 2001. Investigation and Improvement of Airborne Laser Scanning Technique for
MonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.
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Chapter 2 21 Airborne Laser Scanning Technique

The modulation frequencies of 1 and 10 MHz introduce a range ambiguity of 149.85

and 14.985 m respectively. Thus, if the phase shift on both frequencies can suc¬

cessfully be measured, an initial ambiguity of <75m must be determined by other

means using e.g. maps or existing DEMs (Equation 2.7).

The swath width w can be determined for a given flying height above ground h as:

a

w = 2/itan
2

where a is the scanning angle perpendicular to the flight direction.

An overview of the laser system parameters is given in Table 2.2.

2.3.5. Data Recording Hardware and Flight Setup

(2.15)

Laserscanner

Laser Control Unit

PPS + time tag

Trimble GPS REAR

INPC Data Logging

NovAtel GPS LEFT

INPC Data Logging

NovAtel GPS RGHT

time tag

£

INPC Data Logging

iMAR IMU

NovAtel GPS TAIL

I

INPC Data Logging

PPS

NovAtel GPS FRNT

Applanix IMU (1999) GPS FWDB (1999)

Applanix Control and Logging Unit (1999 only)

Figure 2.9.: Data recording equipment and instrument setup for the test flights 1998

and 1999

In-flight data recording was realized using several industrial personal computers

(INPC)
mountedinarack.Astheentirerackwassuspendedonshock-mounts,Favey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.

14045
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the INPCs did not suffer from vibration during data recording. Figure 2 9 shows

the data recording setup for the flights of 1998 and 1999. Figure 2 10 shows all the

components mounted in the Twin Otter.

Figure2.10.:Laserdataequipmentreadyfortakeoff.2.3.6.LaserScanningDataProcessingOverviewThelaserscannerrawdataitselfwaspreprocessedbytheInstituteofNavigation,UniversityofStuttgart.Theycalculatedtheslantrange,thedirectionofthelaserbeaminthelaserbodyframe,thereceivedsignalintensity,andthecorrespondingtimealreadysynchronizedtoGPStime.Figure211showsanoverviewofthesubsequentcalculationstepsrealizedaspartofthiswork.Thepositioning

and
attitude data is first calculated on its own. Then

Favey E 2001 Investigation and Improvement of Airborne Laser Scanning Technique for Monitoring Surface Elevation Changes of

Glaciers ETH Zurich Diss No 14045
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Laser Positioning Attitude

GPS INS

raw laser data GPS double freq

1 recv. on aircraft

1 ground reference

IGS prec. ephem.

calculation of slant

range and direction

(Section 2.2)

GPS single freq

4 recv. on aircraft

IGS prec. ephem.

kinematic DGPS

trajectory solution

time synchronized

merging to calculate

ground point

inertial system

raw data

for each receiver

kinematic solution with

trajectory as reference

(Section 3.2)

1
~

preprocessing

and integration

of raw data

attitude angle solution

from GPS

(Section 4.3)

inertial system
attitude angle
solution

corrected attitude angles
cleaned of gyro drift

(Section 4.4)

correction of 150m ambiguity

15m blunder detection and

removal (Sections 2.2.4, 7.2.3)

calibration of boresight mis¬

alignment angles (Section 5.3)

georeferencing laser

scanning data (Section 2.5)

geodetic datum transformation

projection system and geoid

undulation (Section7.1)interpolatetoregulargrid(Section5.4)volumetriccalculationwithgridsfromdifferentepochs(Section6.3)Figure2.11.:Dataflowandprocessingstepsforevaluatinglaserscanningdata.Favey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045
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the elements are time-synchronized and merged into one single data file, which is

used as input to the blunder detection, the self-calibration and the georeferencing

algorithms.

At this point, each single laser distance measurement is available forming an irreg¬

ularly distributed cloud of points. Interpolation for comparison and visualization is

done directly from these irregularly distributed points as needed.

2.4. Time Synchronization

As laser scanning involves coalescing the data of several decentralized measurement

and logging units, an improper time synchronization will be a serious source of errors.

Looking at Equation 2.18 for direct georeferencing, errors in the synchronization

directly affect the location and orientation of the laser beam.

Assume a 1 ms synchronization error jeopardizing the data. The along-track posi¬
tion

erroristhenabout7cm,whenassuminganaircraftvelocityof70m/s(whichcorrespondstothecruisingspeedduringthelaserscanflights).Asthelaserunitusesapalmerscannerwithamirrorrateof20revolutionspersecond,theassumeddelaywouldcauseayawanglebiasontheorderof7°.ConsideringINSdata,a1msdelaywouldcauseanangularerrorof0.01°assumingavehiclerotationrateof10°persecond.Thusitbecomesevidentthatthetimesynchronizationmustbeatleastatthelevelofafewmicrosecondstoensurepropergeolocationofthelaserdata.ThetimesynchronizationbetweenthesystemswasrealizedusingaPPS(pulsepersecond)signalgeneratedbytheGPSreceiveroneveryfullsecondofUTC.Thesepulsesareloggedalongwithatimeinternaltotheloggingsystem,whichallowstoestablishtherelationbetweentheinternalandtheGPStimeframe.Figure2.9(page21)showshowthesystemswereconnectedtoeachother.AnalyzingthetimesynchronizationperformanceofaGPSreceiver'sPPSoutputandeventmarkerregistration,Danuser(1992)foundthePPSoftworeceiverstestedtobeaccuratewith1/is,whichcomplieswiththemanufacturer'sspecification.Theeventmarkerregistrationwasfoundtohaveanaccuracyof0.1/isexceedingevenitsspecification.Thisperformancecanbejeopardizedbyhardwaredependentdelaysduetotrans¬missionandprocessing.ThereadingsofthePPSpulseshavetoberegisteredwithinthelogginghard-andsoftwareimmediatelyuponarrival,whichisusuallyrealizedbylowlevelcodingofthedataloggingroutinesusingarealtimeclock.TherelationoftheinternalloggingclockwithUTCcanthenbeestablishedbymodellingtheinternalclockdriftbehaviorusingpolynomials.2.5.ProcessingofAirborneLaserScanningDataFavey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo
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2.5.1. Direct Georeferencing Basic Equations

Apart from using a laser beam to measure the distance from the aircraft to the

ground, the aircraft position and attitude are needed to be able to georeference the

measurement. The aircraft position is determined through the use of differential

GPS carrier phase positioning. This positioning capability, when combined with the

attitude of the moving platform, defines a local-level reference frame.

Within this frame, the distance to the ground is measured by a laser signal sent out

at time ts and received later at time tr. The traveling time t = tr — ts is directly

proportional to the distance r from the aircraft to the ground (Equation 2.1).

The direction s of the laser beam is determined by the position of the scanning
mirror and the known geometrical designofthelaserbeam'sandmirror'sposition.<]Figure2.12.:PrincipleofairbornelaserscanningAllthoseelementsputtogetherleadtotheobservationequationforairbornelaseraltimetry:xG=aG+Rg/cRc/B{Rb/srss+bB)(2.16)wherexG:Positionofgroundpointtobedetermineda?:PositionofGPSantennaFavey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045
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Rg/c
Rc/b
Rb/s

r

ss
uB

Rotation matrix from local level to geocentric system

Rotation matrix between body and local level frame

Misalignment rotation matrix between scanner and body frame consisting
of the angles a. = («i,ö2,ö3)t (cf. Equation 2.19).
Slant range measured by laser device

Direction of laser beam pointing
inthescannercoordinateframe.LeverarmbaselinebetweenscannerpointofreferenceandGPSantennaphasecenterUsingthepositionoftheGPSantenna,wemaywrite:Rg,c=R3(-X)-Ra(<P+^)(2-17)whereAandcparelongitudeandlatitude,respectively.Therotationfromthebodyframetothelocallevelframeisdonewiththeattitudeanglesroll((/)),pitch(9)andyaw(iß).Rc/B=Rs(-il>)Äa(-Ö)•Rii-cß)(2.18)Theremainingboresightmisalignmentrotationisunknownandrepresentsthecal¬ibrationtobedetermined.Rb/s=R3(-a3)R2(-a2)Äi(-ai)(2.19)AdetaileddiscussionaboutthecoordinateframesinvolvedisgiveninSection4.2.1.2.5.2.ErrorpropagationofobservablesontogroundpointpositionAsEquation2.18shows,errorsinthecontributingmeasurementsystemspropagatedifferentlytothefinalgroundpointcoordinatesxs.Theirpropertimesynchroniza¬tionisalsoacrucialissuedealtwithseparatelyinSection2.4.IfEquation2.18istransformedtothelocallevelframe(£)anddifferentiated,wegetrd(Rc/gag)rd(Rc/BlB)«d(Rc/BlB)dxc=V£rda+V«JdlB+VJB>d-d2.20dacdlBd'àv;wherelB=(RB/Srss+bß)andd'àmeansthederivationtotheattitudeanglesi?T=(09iß).ThederivationofIincludesthelasersystemperformanceandtheinfluencefromtheelementsofthesensororientationwithintheaircraft.Usingtheapproximationford$asdescribedinAppendixA.l,Equation2.20canbewrittenasdxc=dac+Rc/ßdl3+Rc/ßLBdß(2.21)Favey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045
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where L is a skew symmetric matrix containing the elements of I analogous to

Equation A.8 (page 156). If the elements in I are separately looked at, Equation
2.21 becomes:

dx = da Rc/ßdb Rc/B^B/sdr Rc/BrSsda + Rc/BLBdtf (2.22)

where S is the skew symmetric counterpart of ss and rs = rss.

From Equation 2.22 it is obvious that an error in the GPS position ac will propagate

linearly
intotheresultinggroundpointcoordinatesxQ.SodoestheleverarmbBaswellasthelaserdistancers=rss,thoughtheyarerotatedwiththeattitudematrix.Thusanerrorinthosevectorswillshowupasalineareffect,butrotateddependingontheaircraftattitude.Especiallytheelementsinnadirdirection(rfandbB)willaffecttheaccuracyoftheresult'sheight,astherollandpitchanglesstaysmallwhilefollowingtheplannedflightlines.Equation2.22canalsobewritteninmatrixnotationasdxLAdm—(I,Rc/b,Rc/bRb/s,Rc/b^S,Rc/bL)(dac\dbBdrsdot.\d/&)(2.23)Bysettingallbutoneelementofdmtozero,itiseasilypossibletocalculatetheselectedelement'sinfluenceontothegroundpointcoordinatesforagivenairbornesetting.Inthefollowing,threedifferentflyingheights(400,700and1000m)abovegroundandattitudeanglesof&T=(0,0,0)areassumed.Fortheamplitudeofdm,i,valuesofthesystemcomponents'aprioriaccuracyinformationareconsidered.Bysettingdm,istudied.ami,theworstcaseeffectofanerrorinonesinglecomponentisobs.dxid%2dx5[m][m][m]dai=0.05m0.05ddi=0.05m0.05das=0.12m0.12dbi=0.01m0.01db2=0.01m0.01db3=0.01m0.01Table2.3.:Estimationofinfluenceofanerrorinoneobservableontothegroundpointposition.ForkinematicGPS(da),theaccuracyisknownfromexperiencesinpreviouscam¬paigns(e.g.Cocard,1995;FaveyandSchlatter,1998).TheaccuracyoftheleverFavey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.
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arm db is known to be at the centimeter level, as it was measured terrestrially with

theodolite and leveling (Geiger et al., 1997). All observables in Table 2.3 propagate

linearly onto dx, when assumed that the roll and pitch angles are ~ 0.

obs. /i = 400m /i = 700m h = 1000m//'Y*/t'y*/l'y*/l'y*rtiyrtiyrtiyrtiyrtiydn=0.0005r0.200.350.50dr2=0.0005r0.200.350.50dr3=f{r)0.050.120.20ddi=0.01°00.07-0.0200.12-0.0300.17-0.04d-&2=0.01°-0.0700.01-0.1200.02-0.1700.03d#3=0.01°0.02-0.0100.03-0.0200.04-0.030Table2.4.:Estimationofinfluencein[m]ofanerrorinangled&iontothegroundpointpositiondependingontheflyingheightabovegroundh.Theestimationofthemagnitudeofthelaservectorerrorsdrsincludes•theuncertaintyofthedistancemeasurementdependentonthesignaltonoiseratio(seeEquation2.8),whichinturnisproportionaltothemeasureddistanceritself.Thisuncertaintyaffectsessentiallythecomponentdr3.•thedigitalreadoutaccuracyofthemirrorposition.Thisisthemainpartinthecomponentsdr\anddr2(Hug,1996).•thedynamicuncertaintyofthemirrorplanedeviation(seeFigure2.8).ThishasbeencalibratedbytheUniversityofStuttgart.Theremainingerrorsarenegligiblecomparedtotheitemabove,exceptforhighdynamicflightconditions.AccordingtoHug(1996),dynamicmirrorinclinationerrorsofupto0.1°arepossible,whentheaircraftissubjecttostrongaccelerations,causinggreatererrors(cf.Equation7.4,page132).•thebeamdivergenceS.Duetothec/wtechniqueusedfordistancemeasure¬ment(seeSection2.2.1),theresultingdistanceistheresultofanintegrationoverthewholefootprintarea.Thefootprintdiameterisgivenasdp=rôThusahorizontaldisplacementonatargetwithwillresultinaverticalshiftonatargetwithaslopeanalogoustoEquation2.24.ThefiliationoftheinfluenceofdrinTable2.3isdescribedindetailbyHug(1996).Theestimationsweretakenfromhiswork,aswellasfromThomas(2000).Theinfluenceofanerrorinamisalignmentangledadiffersfromanerrorintheattituded'àonlybytheabsenceoftheleverarmb.ThustheeffectofanangularerrorislistedinTable2.4onlyford'à,asamisalignmenterrorwillshowupwithnearlythesamepropagationbehavior.Thevalueswerecalculatedwiththeassumptionofahorizontalplanartarget.Ifthetargetisinclinatedwithaslopeangleofß,theFavey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045
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errors in the horizontal ground point components dx\ and dx<i will as well propagate

into the height component dx% with

dxs = dx\ tan ß sin 7 + dx2 tan ß cos 7 (2.24)

depending on the slope direction 7. Using Unteraargletscher as target, this issue

becomes important, as the surface slopes range from 10° at the confluence area up

to more than 25° in the firn areas (cf. Table
7.5).Inthecliffareasenclosingtheglacier,themeanslopeiseven40°.2.5.3.AccuracyestimationforthegroundpointcoordinatesUsingthematrixAofEquation2.23,theaccuracyofxcanbeestimatedas^xx=A-i-'mm-^yZ.ZO)whereCxxrepresentsthecovariancematrixofx,andCmmisfilledwiththecovari-ancesoftheobservablesinm.Assumingthatallobservablesareindependentfromeachother,Cmmcansimplybewrittenas1°Or«f0000«20000(J2ca30000°kV0000000o(2.26)UsingEquation2.25anestimationoftheaccuracyoftheresultinggroundpointcoordinatescanbemadebyinsertingknownapriorivaluesfora2m.Usingthesamevaluesasintheprevioussection,andassumingahorizontal,planartarget,wegetaXl0.57-10-'-r0.57-l(T3-rctTq«0.25•KT3•ra.X2£3(2.27)OfcourseaX3>0.15malwaysholdstrueduetocontributingelementswhichareindependentofr.ThelimitingfactorsareespeciallytheaccuracyoftherawdistancemeasurementandtheGPSheightaccuracy.Foratiltedtarget,theheightaccuracyaX3getsworseanalogoustoEquation2.24.Favey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045
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3. Processing of Kinematic GPS

Data

3.1. Introduction

Kinematic differential GPS for determining the trajectory of a moving receiver is a

widely used method (Seeber, 1993). Several approaches to fix the integer ambiguities
'on the fly' have been proposed and successfully implemented (e.g. Hatch, 1990;

Teunissen, 1994; Cocard, 1995). Also for attitude determination, algorithms lended

from spacecraft orientation have been adopted (van Graas and Braasch, 1991; Cohen

and Parkinson, 1992) and dedicated multi-antenna GPS receivers with one single
oscillator have been realized and tested (e.g. Cohen and Parkinson, 1991; Schwarz

et al., 1992).

The INS attitude determination suffers from drift effects, which can be determined

and corrected using a GPS attitude determination (Chapter 4). Using a multi-

antenna array on the aircraft, the coordinates of all antennae relative one master

antenna have to be determined at a high measurement rate. Ordinary single fre¬

quency GPS receivers have been used, each one connected to an antenna of the array

on the aircraft (cf. Figure 2.4). The existing software approach for kinematic GPS

processing (Cocard, 1995) needs to be extended to process moving baselines
andprovidethevectorsneededforattitudedetermination.Cocard(1995)givesadetailedanalysisoftheprocessingofkinematicGPSdata.Thischapteriscomposedoftwoparts.First,anextensionofhisapproachtoprocessmovingbaselinesispresented.Theyaretheneededlinkbetweentheexistingalgo¬rithmsfortrajectoryrecoveryandtheattitudedeterminationapproachpresentedinChapter4.ThesecondpartdealswithproblemsspecifictotheairbornecaseofkinematicGPSprocessing.3.2.ProcessingofaMovingBaselineofSingleFrequencyObservationsFavey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo
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3.2.1. Observation Equations

Given two antennae mounted rigidly on a vehicle with a known geometry, the GPS

observables inherently contain the attitude information of this baseline. The coor¬

dinates ofamovingantenna(indexm)aresolvedwithrespecttoachosenreferenceantenna(indexr),whichinthisspecialcaseismovingalongaswell.Aftertime-adjustingtheresultingvector,itcandirectlybeusedforGPSattitudedeterminationdescribedinSection4.3.Thebasicobservationequationsforpositioningaregivenas(e.g.Cocard,1995):p*r(tR)=\\xs(tT)-xr{tR)\\+c-rr-c-rs+dIonsr+dTrpsr(3.1)forcodeobservationsand<p*r{tR)=\\xs(tT)-xr(tR)\\-AsX+c-Tr-c-Ts-dIonsr+dTrpSr(3.2)forcarrierphaseobservations,where'true'transmittingandreceivingtimerespectivelyspeedoflightinthevacuumxT(tR)\\slantrangebetweensatellitesandreceiverrsatelliteandreceiverclockbiasrespectivelyionosphericandtroposphericpathdelayrespectivelycarrierwavelengthambiguityofthecarrierphaseFordifferentialpositioning,thesameequationsforasecond,movingreceivermarespecifiedandthesingledifferencesarebuilt:Apsmr(tN)=psrn{tNm)—psr{tNr)(3.3)A¥>mr(*iv)=VSm(tNm)~VSr(tNr)(3.4)withthenominaltimetNi=tRt+rt(3-5)forreceiveri,respectively.InsertingEquations3.1and3.2,thisbecomes:ApSmr=\\xS{tTm)~Xm(tRm)\\-

\\xS(tTr)
~ 2!r(*Br)||

+c • Armr - c Arsmr + AdIonsmr + AdTrpsmr (3.6)

AfSmr = ll»8(*Tm) ~ Xm{tRm)\\ - \\xS{tTr) ~ Xr{tRr)\\

+c • Armr - c • Ar^r - AASX - AdIonsmr + AdTrpsmr (3.7)

The satellite specific data such as its position xs(tT) and clock bias rs are known

from precise ephemerides. Thus the unknown terms to be solved for are the moving
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receiver position xm(tnm) and clock bias Armr, the single difference ambiguities

AAS, and eventually remaining error effects such as atmospheric and multipath

effects, depending on the application.

The reference coordinates xr can be set to the code solution of
thechosenreferenceantenna,asonlytheorientationoftherelativebaselinevectorwithrespecttothesatellitesisofinterest.Thelengthofthisvectoristheoreticallyconstant(cf.Section3.2.3).3.2.2.TimeBiasCorrectionofSolvedBaselineVectorLookingatEquations3.8and3.7,itisapparentthattheresultingcoordinatesxm(tRm)andxr(tRr)providenotyetthecomponentstocalculatethevectorneededforattitudedetermination:k(tN)=xm(tN)-xr(tN)(3.8)Duetothefact,thattheclockbiasesrTOandrrarespecifictoeachreceiver,thetruetimeatwhichtheantennacoordinatesareknowndiffer(tÄm^tRr),eventhoughthenominaltimeofreception(i^)isthesame.Yettobuildthevectork,thecoordinateshavetorefertothesametime.Withclockbiasesontheorderofamillisecondandaflyingspeedof~70m/s,avector'distortion'ofabout7cmwouldbetheresultofasynchronousprimitives.Thusthecoordinatesofthereferenceandmovingantennaemustbeadjustedtooneandthesame'true'GPStime,atwhichvectorkshouldbeknown.TobesynchronouswiththeINSdata,thesuggestionistoadjustthecoordinatestothenominaltimetN,atwhichthemeasurementsshouldhavebeentaken.Forreceiverjholds:xk{tN)PdXj(tRj)+tjVj(tRj)(3.9)wherethevelocityvectorVjcanbederivedbyinterpolatingfromthepositionsolu¬tionsattheepochs(i)and(i+1):^n^Mi(smvAtRj)-(i+i)(i)w-w)tRj-tRj3.2.3.ConstrainingBaselineLengthforAntennaArrayThesingledifferenceequations(3.3and3.4)areappliedtotwoantennaemountedrigidlyonavehiclewithaknowngeometry.Thusthebaselinelengththeoreticallyremainsconstantduringthewholeflight.Thisfactcanbeexploitedbyconstrain¬ingthebaselinelengthduringtheambiguityresolutionprocesstohelpsolvingtheambiguities.UsingtheleastsquaresapproachdescribedbyCocard(1995),pseudoFavey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.
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measurements are added as an additional line to the design matrix A. For the

difference of the antenna positions with known baseline length lmr holds:

\xm(tRm) Rm) lr. 0 (s.ii;

Note that the coordinates of the reference receiver xr must be adjusted to the

reception time of the moving receiver tRm in order not to introduce a 'distorted'

baseline length (cf. Section
3.2.2).Toaddthispseudoobservationtothedesignmatrix,itmustfirstbelinearizedaswhereir.k^OTAatdpi(3.12)/oistheapproximatedbaselinelengthobtainedfromtheGPSobservationsusingapproximativevaluesp0fortheunknownparameters,dptarethelinearizedunknownparameters,arethecoefficientsofthelinearization.Thecoefficientsatarethenwithxm=(xm,ym,zm)Tandxranalogously:withat=EmUrnZmC•L\TmTAASCa:eyez00Vr(3.13)(3.14)whereex,y,zarethecartesiancoordinatesoftheunitvectorbetweenthemovingreceiverandthereferencereceiver,atthereceptiontimeofthemovingreceiver(tRm)-3.2.4.SummaryandResultsThekinematicGPSevaluationsoftwareofCocard(1995)isextendedtobeabletoprocesssinglefrequencyGPSmeasurementsofamovingbaseline.Thisincludes•theabilitytointroducereferencecoordinatesofamovingreferencereceivertimesynchronizedwiththeobservations,•adjustmentofthereferenceandresultingcoordinatestodifferenttimes,•theabilitytoconstrainthebaselinetoaknownlengthtoaidambiguityreso¬lution.Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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Measurements:

code-differences

phase-differences

Measurements:

code-differences

phase-differences
calculated clock

code solution xr

used as reference

Code and Clock Solution

Initialization of the Ambiguities

,

Ambiguity mapping file

Determination of time invariant parameters (fix site, ambiguities)

optionally constrain baseline length

Floating point solution

Integer fixed solution

Calculation of coordinates and clock of moving receiver

Relative Vector in çMrame

Time correction and rotation to £-frame

Vector fc5 for Section 4 3

Figure 3.1.: Flowchart of extended GPS processing for attitude vectors.
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epochs flight baseline length RMS mean |max| ua

# [m] [cm] [cm] [cm] #

7879 99-244a REAR-FRNT 3.937 0.6 -0.2 6.2 0

7879 99-244a REAR-TAIL 6.129 0.6 0.0 15.5 0

7879 99-244a REAR-LEFT 4.417 0.6 -0.4 6.4 0

7879 99-244a REAR-RGHT 4.425 0.7 -0.3 7.1 0

23040 99-244b TAIL-FRNT 9.737 0.5 0.1 7.1 0

23040 99-244b TAIL-REAR 6.129 0.6 0.2 23.8 0

23040 99-244b TAIL-LEFT 9.595 0.6 -0.2 6.4 0

23040 99-244b TAIL-RGHT 9.598 0.6 -0.3 5.7 0

3057 98-237c FRNT-TAIL 9.737 0.6 0.2 4.5 0

2729 98-237c FRNT-REAR 3.936 0.5 0.2 4.7 0

6656 98-237c FRNT-LEFT 3.033 0.6 0.0 5.5 0

6656 98-237c FRNT-RGHT 2.624 0.5 -0.2 5.4 0

24836 98-238a FRNT-TAIL 9.737 0.5 0.1 6.2 0

12417 98-238a FRNT-REAR 3.936 0.9 -0.1 13.6 1

24836 98-238a FRNT-LEFT 3.033 1.1 -0.2 41.6 1

24836 98-238a FRNT-RGHT 2.624 1.1 0.1 17.7 1

Table 3.1.: Statistics of various moving baselines' evaluation results. The observable

is the baseline length's deviation of the true length determined from the

terrestrial lever arm measurements. Column ua stands for remaining
unresolved ambiguities.
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Figure 3.1 gives an overview of the modified processing for a moving reference-slave

pair.

The resulting vectors kt of multiple reference-slave pairs can then be used to calculate

the attitude of the aircraft (Section 4.3). Due to the short baselines on the aircraft,

usually all ambiguities can be solved (cf. Table 3.1). The RMS of the difference

of the baseline lengths determined by kinematic GPS minus the calibrated baseline

length is of the order of 5-11 mm, depending on whether all ambiguities could be

solved. The maximum deviations on the order of decimeters are due to steep turns of

the aircraft between the lines, where loss of lock occurs and the number of available

satellites decreases; under extreme circumstances as few as four satellites remain

locked (e.g. during flight 98-238a).

baseline REAR -> LEFT baseline REAR -> TAIL

baseline REAR -> RGHT e baseline REAR -> FRNT

26330 26340 26350 26360 26370 26380

time [sec of day]

Figure
3.2.:Zoomedviewofthebaselinelengths'deviationofthetruelengthduringthelaserscanflight99-244a.Figure3.2showsthetypicalbaselinelength'sdeviationfromthecalibratedlength.Thebaselinelengthcanbetakenasanindicatorforcorrectlysolvedambiguities.Degradationofthedifferentialpositionsolutioncanbeexpectedtooriginatefrommultipatheffectsandantennaphasecentervariations.3.3.ErrorMitigationinKinematicGPSDataTheGPSrangemeasurementsareaffectedbyavarietyoferrorsourceslikeclockbiases,troposphericandionosphericrefraction,ephemeriserrors,cycleslips,mul¬tipath,interferenceandnoise.InstaticGPSmeasurements,mostifnotalloftheFavey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo
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effects can successfully be estimated or eliminated by various techniques (Seeber,
1993). In a dynamic setting like in kinematic GPS applications, many of the effects

cannot be estimated due to a strong correlation with the moving receiver's position.
Yet they can be mitigated by choosing a measurement setup that minimizes the

error effect.

3.3.1. Detection of Cycle Slips in Kinematic Data

Many methods suitable for cycle slip detection in the static case cannot easily be appliedtokinematicGPSdata.Yetthereexistafewmethods,dependingonwhatkindofobservationscanbeloggedbyaspecificreceiver.Eventhoughmodernreceiversaremuchlesspronetocycleslips,theycannotbeentirelyexcluded(See¬ber,1993).Commontoallmethodsinakinematicenvironmentisthattheymayfailundersevereionosphericconditionswithlargeshort-timefluctuations(Cocard,1995).AstrategyoftenfollowedistodetectacycleslipwithinaKaimanfilterpositionestimationprocess.ThebasicideaistoestimatethenewpositionusingpastGPSdata,dopplermeasurements,and—ifavailable—INSdata(LippandGu,1994).Cycleslipscanbeidentifiedandcorrected,whenthisestimateiscomparedwiththemeasurements,andtheaccuracyoftheestimationisbetterthanafractionofonecycle.Whetherthismethodsucceedsdependsontheflightdynamicsandthemeasuringfrequency.Duringperiodsofhighdynamics(e.g.duringcurvesorwithheavyturbulences)whenalossoflockismostlikely,theestimatesofsuchanextrapolationusuallyarenotgoodenough(Cocard,1995).Ifbothcarrierphasemeasurementsareavailable,thegeometry-freelinearcombina¬tionL4maybeusedtodetectcycleslips:^4=fi~¥2=XtAt-X2A2+(dIonl-dIon2)=const+adIon(3.15)LookingatsubsequentepochsofL4measurements,acycleslipisindicatedbythefollowingdifference:Aip4=ipA(tl+i)-cp(tt)&adtdIonAt+XtSi-X2S2(3.16)whereSiandS2areacycleslipintheLIandL2measurementrespectively.Thechangerateofionosphericrefractiondtd[onisnegligibleforsmallvaluesofAt<1s.Itisdifficulttodiscriminate,inwhichfrequencyacycleslipoccurred,astheindi¬catorisacombinationofboth.Theoretically,acycleslipcouldoccurinbothfre¬quenciessimultaneouslywithoppositemagnitudeAi5i~X2S2passingthescreeningundetected.Yettheprobabilityofsuchacaseisrathersmall.Ifphaseratemeasurementsareavailable,thescreeningcanbedoneonaperfre¬quencybasis.Usingthismethod,thedataofthesinglefrequencyreceiverscanalsobescreened.Acycleslipisindicatedbythefollowingdifference:S=<p(tt+1)-<p(tt)-(pAt(3.17)Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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where <j) is the phase rate measurement. This method is prone to dynamic flight
behavior which degrades the approximation of the phase difference by the phase
rate. A second limiting factor is the measuring noise of the phase rates. These two

effects may turn the discrimination of a cycle slip to an impossible mission.

3.3.2. Atmospheric Influences

The influence of ionospheric refraction can be modeled and estimated, if both GPS

frequencies were observed by both, the reference as well as the moving receiver. For

trajectory recovery, the ionospheric bias was introduced as an additional unknown as

described by Cocard (1995).Hestatesthatbyintroducingthisadditionalunknown,thepercentageofepochswithcorrectlyresolvedambiguitiesbecomessignificantlyhigher.RecentresearchdevelopmentstrytofullymodeltheionosphericrefractionusingaregionalpermanentnetworkofGPSreceiversandatomographicapproach(Colombo,2000).Inthecaseofmovingbaselines,whichareatmost20mlong,theionosphericre¬fractionisnegligible,asAdIonsmr—>0(Equations3.6and3.7).ThesameholdstrueforthetroposphericbiasAd,TrPsmr,asthepathfromthesatellitestotheantennaeisnearlyidentical.Yet,thetroposphereremainsasanonlypartiallymodelederrorcomponentforlongerbaselinesappearinginthetrajectorysolution.Mostofthetroposphereeffectcanbemodeledusingtheassumptionofastandardatmosphere(seeAppendixB.l).Inthiscase,theformulaofSaastamoinen(1973)isoftenapplied:dTvp=0.002277sec^lp+(—^—h0.05Je-Btan2z)+6(3.18)wheredTrptherangecorrectioninmeter,typicallyontheorderof2m.ztheapparentzenithdistanceofthesatellite,forpracticalpurposes,thisvaluecanbesettothetruezenithdistancepthetotalbarometricpressureinmillibars,(standardatmospherecf.Equa¬tionB.3)ethepartialpressureofwatervapourinmillibars,(standardatmospherecf.EquationB.4)TtheabsolutetemperatureindegreesKelvin,(standardatmospherecf.EquationB.2)BandScorrectionquantitiesforwhichSaastamoinen(1973)providestabularin¬formation.Inmostcases,theycanbesettoapproximativevalues:B=1andS=0.Thedeviationofthestandardatmospheremodelvaluesforpressure,temperatureandwatervapourpressuremayleadtosystematicheighterrors.ForexampleinaFavey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045



Processing of Kinematic GPS Data 40 Chapter 3

static GPS network in an Alpine valley with station heights differing up to 1000 m,

a 'mismodeling' of the troposphere due to a temperature inversion resulted in height
errors of about 10cm (Geiger, 1988). GPS tomography for determining the tropo-

spheric path delays is subject to recent research (Kruse, 2000), requiring a network

of GPS receivers similar to the ionospheric approach.

The influence of tropospheric refraction onto the GPS height coordinate is for zmax =

70° (Geiger, 1987):

Ah = 2.7AdTrp (3.19)

A deviation of the modeled troposphere from actual troposphere is thus amplified
with a factor of almost 3. In the application of differential GPS evaluation, the

height difference between the stations will be too small, if the modeled path delay
is smaller than the actual path delay.

Figure 3.3.: Influence of the troposphere on relative positioning. Consider A to be

the aircraft, B and C are reference receiverslocatedonthegroundinthevicinityofthetargetarea.Apossibleerrorinmodelingthetropospherewillshowanimpactproportionaltotheheightdifferencebetweentheaircraftandthereferencereceiver.Troposphericmismodelingaffectskinematicrelativepositioningmoreseverly,thegreaterthealtitudedifferenceisbetweenthereferencegroundstationandthemovingreceiverontheaircraft(Figure3.3).Suchasystematiceffectpropagatesdirectlyintothegeoreferencedgroundpointpositioninanabsolutemanner(cf.Equation2.22).Tomitigatethiseffectforthelaserscanningcampaigns,referencestationswerechosenataboutthesamealtitudeastheflightlines.Table3.2givesanoverviewoftheavailablereferencestation'smeanheightdifferencesandbaselinelengthstotherespectivelaserscanningtargetarea.Ifthekinematicdataisevaluatedfromtakeofftolanding,theaircraftwillmovethroughthetroposphericlayersatleasttwice.Itmaythusmovethroughaninversionlayerhavingthestandardtropospheremodelmismatchtheactualconditions.BlomenhoferandHein(1995)foundthepositionsolutionresidualstobestrainedupto20cmforlowelevationsatellitesinaprecisionapproachscenario.ThedegradingeffectofthislayercrossingontheambiguityFavey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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station target dist Ah

ID area [km] [km]
ZIMM Aaregletscher 63 2.5

GRIM Aaregletscher 14 1.3

JUJO Aaregletscher 13 0.0

ETHZ Runway Dübendorf 10 0.3

Table 3.2.: Reference stations' mean distance and height difference to the laser scan¬

ner target area and flying height.

solution could thus be mitigated by limiting the trajectory solution to the period
from reaching to leaving the mission altitude, if the flight mission itself lasts long

enough.

The troposphere zenith path delay can be modeled using data from a network of

meteorological ground stations. For Switzerland, this was done using
acollocationmethod(Cocardetal.,1992).ThesoftwarewasnamedComédie,whichstandsfor'CollocationofMeteorologicalDataforInterpretationandEstimationofTropo-sphericPathDelays'.Theaccuracyofthiszenithpathdelaymodelisontheorderof2cm(Trolleretaï.,2000).ToseehowthemismodelingofthetropospheremayaffectthekinematicGPSco¬ordinates,thezenithpathdelaywascalculatedforeachepochandpositionoftheaircrafttrajectoryaswellasforthereferencestationusingComédie.Thispathde¬laywasthenmappedtothesatellitezenithdistancezandappliedasAdTrpinsteadofthestandardatmosphereapproach.Themappingfunctionusedisderivedfromahorizontalatmospherelayermodelas(Höflinger,1993):AdTrp(z,h)VR2cos2z+2RH+H2-RcoszHAd0(3.20)whereandR=R6+hH=HT-hAdTrptherangecorrectioninmeterAd0thezenithpathdelaycalculatedusingComédieztheapparentzenithdistanceofthesatellite,forpracticalpurposes,thisvaluecanbesettothetruezenithdistancehthealtitudeoftheGPSantennaR$theearthradius,R&=6378137mHTthealtitudeofthetropopause,HT=12000mFavey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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flying height difference Comédie minus Saastamoinen

easting difference Comédie minus Saastamoinen

northing difference Comédie minus Saastamoinen

'23000 24000 25000 26000 27000 28000

time [sec of day]

Figure 3.4.: Example of effect of differential troposphere error mismodeling. Trajec¬

tory of glacier campaign 1999 using JUJO as reference station. The end

of the flight trajectory shows the increasing mismodeling effect onto the

height coordinate. This is due to an increasing height difference (up
to 3 km) between reference and moving receiver during approach and

landing.

Favey, E., 2001. Investigation and Improvement of Airborne Laser Scanning Technique for Monitoring Surface Elevation Changes of

Glaciers. ETH Zurich, Diss. No. 14045
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Figure 3.4 shows the difference of a trajectory solution over the glacier using JUJO as

reference station. The data evaluation window starts a few minutes before reaching
the test area and ends with the landing procedure at the airport. As the major part

of the trajectory is at the same altitude as the reference station itself, the differential

modeling error effect onto the height coordinate is on the order of a few centimeters.

As soon as the aircraft approaches the airport, the height difference between the

reference and moving receivers increases. As the actual tropospheric meteo condi¬

tions modeled by Comédie do not coincide with the standard atmosphere values,
the Saastamoinen approach uses, the mismodeling effect on the moving receiver's

height increases up to 0.2 m.

As such a systematic height offset will directly propagate into a meteo-contamined

surface elevation change estimate, it is important to either select the reference station
locationatthesamealtitudeastheflyingheightortomodelthetroposphericrefractioncorrectionusingtheactualmeteoconditions.3.3.3.Multipath,InterferenceandSatelliteVisibilityIssuesMultipathGPSmultipathofamovingreceiverstillisintheearlystagesofresearch.Braasch(1994)triedtoseparatemultipatherrorsfromotherreceivertrackingerrorsduetoaccelerationoftheantenna.Asforthephasemultipath,thesetwoeffectsareofthesameorder,aboutafourthtoathirdofthecarrierphasewavelength.MultipatherrorforGPSbasedattitudedeterminationwasstudiedbyCohenandParkinson(1991)forthespecialcaseofasingleoscillatormulti-antennareceiver.Heassumes,thattheaircraftmerelyisareflectorcausingmultipathbymirroringsatellitesatalwaysthesameelevationandazimuthrelativetothebodyframe.ThisassumptionwasalsoinvestigatedbyLippetal.(2000),whostudiedthesignaltonoisestandarddeviationdistributionoverthepositivehemisphereabovetheaircraft.Theycollecteddatafromvariousintercontinentalflights.Theresultingspatialdis¬tributionofthesignaltonoisestandarddeviationshowedclearlyanincreaseinthedirectionofthewingsrelativetotheGPSantenna.Evensignallossofsatellitescanoccurduetomultipatheffects.Scaramuzza(1998)investigatedsignallossthattookplaceatspecificsatelliteelevations.Heshowed,thattheelevationdependentsignallossofastationaryreferencereceivercanbeverifiedusingamodeledreflector.InthecaseofGPSreceiversmountedonanaircraft,multipatherrorisalsocloselyrelatedtheantennaphasecentervariations.(Wiibbenaetal.,2000)notes,thatanaircraftsurfaceshouldactuallybeconsideredaspartoftheantenna.Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo
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Interference

Critical for the positioning solution is the unintentional and intentional Radio Fre¬

quency Interference (RFI) from radio stations in the proximity of the flight path.
This is a serious threat to a usable result of airborne laser scanning. Scaramuzza

(1998) found an RFI in the region of Lugano-Agno caused byanidentifiedinter¬feringstationsendingclosetotheLIfrequency.Duringourlaserscannerflights,asignallossofallL2satellitesoccurredwhileonthewaytothetestarea.TheLIdatasufferedsubstantialdegradationaswell.ThepostprocessingoftheGPSdataforthepositioningsolutionhadtobereducedtothepartofthetrajectoryjustoverthetargetarea,inordertoachievesatisfactoryresultsforambiguityresolution.Eo/iyu#1801I/B1/I/U^%»>.11IDU(S*]%j>*«ll!X^"\jiIDU620630640650easting[km]660670680Figure3.5.:SignallossoftheL2frequencyduetointerference.Theredsymbolsarepotentialinterferingstations,wherecommunicationsradioequipmentisinstalled.ThecolorscaledenotestheaverageL2carrierfrequencysignaltonoiseratio.Avalueofzeromeans,thatallsatelliteshavebeenlost.Figure3.5shows,thatthesignallosshappenedjustafewkilometersawayfromtheTitlisradioequipment.Afterthecompletionofscanningthetargetarea,theL2frequencyisdegradedagainwhenpassingnexttotheNiederhornradiostation.FaveyE,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045



Chapter 3 45 Processing of Kinematic GPS Data

The presence of interfering stations in the proximity of the area to be mapped by
laser scanning should always be part of flight planning procedures, in order to avoid

flights with unusable data.

Satellite Visibility

The issue of satellite visibility is closely related to multipath effects. GPS receivers

track satellites, as long as they are visible. In the case of the laser scanning flights,
the receivers apparently also track satellites, that are theoretically invisible due to

obstruction by the aircraft body (Figure 3.6). All 5 antennae on the aircraft used

for attitude determination were tracking satellites as low as -40° due to banking of

the aircraft.

These theoretically invisible satellite observations do not appear with extraordinary
residuals in the GPS evaluation. It is yet unclear, how this affects the ambiguity
resolution quality of the trajectory.

It is well known that the antenna phase center is not stable with respect to varying

azimuth, elevation or frequency. Antenna phase center variation calibration for the

total hemisphere was studied byWiibbenaetal.(2000).Theantennaisrotatedinazimuthandelevationwhenmountedonarobotinordertogetsatelliteobservationsinallpartsoftheantennaframehemisphere.Theexactlocationoftheantennaisknownduetotheknownrobotpositions.Aphasecentervariationdiagramisdefinedforeachcalibratedantenna.Yetitisquestionable,ifthesevariationsstaythesame,whenanantennaismountedonaconductingskinofavehicle.Anevenmoreseverereasonsatellitevisibilityisreducedistheroughtopographywhereglaciersgenerallyarelocated.Duetoobstructionfromnearbymountains,theGPSreceiversmaybeunabletotrackenoughsatellitesforagoodpositionsolution.Ifthenumberoflockedsatellitesdropsbelow5,theDOPqualityindicatorwillincreaserapidly.Insuchacase,thelaserdatacannotreliablybegeoreferenced.Figure3.7showsthisproblemonthelaserstripclosesttotheFinsteraarfirn.Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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180°

180°

Figure 3.6.: Signal to Noise in Body frame elevation and azimuth of the LI mea¬

surements of the REAR receiver. The satellites are tracked both in the

positive (top plot) and negative (bottom plot) hemisphere of the air¬

craft. Note the antenna keeping the phase lock down to over 30° below

the aircraft horizon.
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Quality Indicator

• 0-5 • 10-20

• 5-10 • 20-

Time labels in sec of day

Scale 1 100 000

651 652 653 654 655 656 657 658

easting [km]

Figure 3.7.: Signal loss due to obstruction by a mountain just before second 25220

(flight 1998). The photograph illustrates this problem, which is symp¬

tomatic
totheuseofGPSinanalpineenvironment.FaveyE2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurichDissNo14045
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4. Attitude Determination

4.1. Introduction

Apart from positioning, sensor orientation is mainly a matter of determining the

platform's attitude with sufficient accuracy. Military applications spawned numer¬

ous systems based on inertial navigation technology, which unfortunately often ap¬

pear to be expensive, difficult to acquire, and designed specifically for navigation
rather than sensor orientation (Greenspan, 1995). Only very recently, commercial

systems designed for sensor orientation have become available. First validations

of such systems have been performed recently by comparing the systems' solutions

with the orientation parameters of a photogrammetric bundle block adjustment (e.g.
Cramer et ai., 2000).

In this chapter, the coordinate systems, rotation matrix and several existing attitude

determination methods are reviewed. The realization of an attitude determination

system for the laser scanner orientation is described. A GPS multi-antenna system

is developed to sustain the solution of a medium-cost inertial system. This solution

is compared with the Applanix Positioning and Orientation System (POS),
whichbecameavailableduringthelastflight.4.2.CoordinateSystemsandRotationMatrixTheattitudeofaplatformistheorientationofitsbodyframecoordinatesystemwithrespecttoanextrinsicreferencecoordinatesystem.Asavectorisalwaysgivenrelatedtoaspecificcoordinatesystem,itstransitionintotherepresentationwithinadifferentcoordinatesystemcanbeexpressedbyarotationmatrix.Inotherwords,theorientationofacoordinatesystemcanbemadeidenticaltoanotherbyarotationmatrix.Coordinatesystemsandrotationmatricesarethetwobasicelementsindefiningandestimatingtheattitudeofaplatform.4.2.1.ReferenceSystemsforGeoreferencingWhentalkingofacoordinatesystem,wethinkofthedefinitionsoftheoriginandthedirectionsinatheoreticalmanner.TherealizationofasystemusingmeasurementsFavey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo
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and producing lists of coordinates is called a coordinate frame. Thus a coordinate

frame is an approximative realization of the theoretical concept behind a system

definition.

The reference coordinate systems usually used for platform attitude determination

consist of three mutually orthogonal unit vectors ik chosen according to right hand

conventions (Farrell, 1976).

Earth fixed, geocentric coordinate system G

This coordinate system is defined according to the world wide reference systems

used in satellite geodesy. Origin is the center of mass of the earth. The orientation

of the axes is defined as:

if: in direction of the reference (Greenwich) meridian

t-o . do to X tl

if: in direction of the north pole

When using GPS, the conventional terrestrial reference frame (TRF) is WGS84. Yet

the realization ofthisframehasbeenevolvingduringthepastfewyearsandminorchangeshadbeenmade(NIMA,2000).Thus,theTRFchosenforthisprojectisCHTRF95,whichisdiscussedmoreindetailinsection7.1.LocallevelcoordinatesystemCThelocallevelcoordinatesystemisusedasareferencetomeasuretheattitudeofaplatform.Itisanorthoriented,topocentricsystemthatis'locallylevel'ingeometricalsense,e.g.itsi$unitvectorisanti-paralleltotheellipsoidnormal.OneGPSantennaisselectedtobetheorigin.il:innorthdirectioni%:ineastdirectionig:innadirdirection(towardstheearth)Bewarethatthelocallevelsystemisfrequentlyusedinothertextbookswithadifferentdefinition:i3inzenithdirectionandthereforei<iandi\innorthandeastdirectionrespectively.Asthelasersystempointstowardsnadir,itismorenaturaltodefinethesystemasusedwidelyinnavigation(e.g.Farrell,1976).AircraftbodycoordinatesystemBThiscoordinatesystemhasitsoriginatsamepointasthelocallevelsystem£,butthevectorsifareboundtotheaircraftbody:Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045



Chapter 4 51 Attitude Determination

%]_: in flight direction along the forward fuselage

i2 ' in direction of the right wing

if: in down direction toward the floor of the aircraft

In the special case where the body coordinate system is perfectly aligned with the

local level coordinate system, the roll, pitch and yaw angles are zero.

Laser hardware body coordinate system S

This coordinate system has its origin at same point as the body system B, but the

vectors if point into slightly different directions, called the boresight misalignment.
This misalignment remains constant, as the laser system is rigidly mounted on the

platform. The section 5.3 on calibration deals in detail with the determination of

these parameters.

Strapdown IMU coordinate system

The attitude angles an Inertial Measuring Unit (IMU) gives as output define the

rotation matrix of a body frame defined by the IMU body. This frame is misaligned
with respect to the aircraft body frame realized by the GPS antenna array.

AsthestrapdowndrifterrorsareestimatedastheorientationdeviationoftheIMUframefromthebodyframe,thiseliminateddriftinherentlyincludestheframemisalign¬mentangles.4.2.2.RotationMatrixandEulerAnglesAssumingthattwocoordinatesystemssharethesameorigin,buthaveadifferentorientation,itiswellknownthatonesystemcanberotatedintotheotherbythreeconsecutiverotationsaroundthecoordinateaxes(e.g.Farrell,1976).ThethreerotationanglesarecalledEulerangles.Whilethereareseveralalternativerotationsequencesforrepresentingthesamerotation,notallareequallyapplicabletosuitgeoreferencingairbornelaserscanningdata.ThismeansthatthethreeEulerangleswhichaligntwocoordinatesystemsarenotuniqueanddependonthespecifiedrotationsequence.Asallpossiblesequencescontainsingularitiesordiscontinuities,thechoicewhichonetouseisusuallymadedependingontheapplication(Farrell,1976).Ifabsenceofsingularitiesisneeded,therotationcanalsobeconstructedusingquaternionrepresentation.Forairbornelaserscanning,itissuitabletouseaEuleranglerepresentationoftherotationmatrix,asshowninFigure4.1.TheelementaryrotationstocomposeafullFavey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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local level plane

Figure 4.1.: The body frame B is assumed to be in an arbitrary orientation. Using
three elementary rotations, the body frame can be aligned with the local

level frame C The platform is first rotated by the roll angle around the

i-L-axis until i% lies within the local level plane becoming i'2' (Ri(—4>)).
A second rotation around the i2'-axis by the amount of the pitch

angleisperformed,suchthati\aswellgetstobewithinthelocallevelplane(Ä2(—9)).Therotationremainingisaroundthez'3-axisbytheamountoftheyawangle(Rs(-ipj).rotationmatrixare:Ri(100\/COS$20—sin$2^(COS$3sin$30\0COS$isintfiÄ2=010R3=—sin$3COS#30lo—sin$!COS$iyvsin$20COS$2j1o01)(4.1)Thus,accordingtoFigure41,theoverallattitudematrixisRc/b=Rz(-^)R2{-9)R1{-4>)/cos-0cos9—sin-0cos(f)+cosipsin9sin.=sinipcos9cosipcos0+sin-0sin9sin(/)K—sin9cos9sin(f)(4.2)sin-0sin(f)+cos-0sin9cos0\-cos-0sin0+sin-0sin9cos0cos0COS(f)j(4.3)FromEquation43theEuleranglescaneasilybeextractedfromthematrixRc/bFaveyE2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurichDissNo
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as

</> = arctan (— J (4.4)

9 = arcsin(—r3i) (4.5)

ip = arctan ( — I (4.6)
VnJ

where rtJ corresponds to the respective element of Rc/b (Equation 4.3) of the row

% and column j.

Above equations show a singularity occurring, when 9 = if. In this case it becomes

evident that the roll angle (f) and the yaw angle -0 are undefined. During a laser

scanning flight, such a situation is not expected to occur.

Note that a rotation matrix R is an orthogonal matrix, i.e.

R1 = RT and RRT = I (4.7)

This property is applied to all rotation matrices throughout this research. This also

means that e.g. Rc/b = R^b/c-

4.3. Attitude
DeterminationfromMultipleGPSReceiversAttitudedeterminationofanaircraftusingGPShasbeenappliedsuccessfullyinex¬perimentsbyanumberofresearchers.IfatleastthreeGPSantennaearemountedonaplatforminanon-collinearmanner,andthedifferentialGPSmeasurementsaresimultaneouslycollected,thebaselinevectorsbetweentheantennaecanbedeter¬minedbychoosingoneantennatobethereference(seesection3.2).Thosevectorsaregivenintheterrestrialreferenceframe,andcaneasilybetransformedtothelo¬callevelframebyusingthelatitudeandlongitudeofthemasterantenna'spositionsolution.Astheantennaearerigidlymountedontheaircraft,theircoordinatesarealsoknowninthebodyframe.ThustheproblemofattitudedeterminationusingGPSisformulatedasfollows:Givenn>2non-collinearvectorsinalocallevelcoordinateframeaswellasinabodycoordinateframe,findtherotationmatrix,thattransformsthevectorsfromonesystemintotheother.Thisproblemissimilartotheoneinspacecraftattitudedeterminationbymeasuringdirectionvectorstofixedstars(e.g.Wahba,1965).Itisusuallysolvedbyeitherasingularvaluedecompositionmethod(Markley,1988),orbysometypeofeigenvaluedecomposition(e.g.Wertz,1978).Onedrawbackrelatedtothesedecompositionmethodsisthecomplexityofaccuracyanalysisoftheestimatedattitudeparameters(Lu,1995).Additionally,thevarianceFavey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo
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and covariance information related to the GPS derived coordinates are not properly
taken into account in the estimation process. Cohen et al. (1992) modified the

solution for GPS measurements to fully take into account the measurement errors,

but the body frame coordinates' errors are still left aside.

To be able to include all available variance and covariance information, Lu (1995)
proposes an attitude estimation solution by an implicit least squares model. It makes

use of the known antenna geometry to help ambiguity resolution. In his approach,
the vectors are not explicitly calculated, but the attitude parameters are directly

expressed as a function of double difference carrier phase measurements.

In the following, an approach is developed whichissimilartotheoneusedbyLu(1995),buttheDGPSvectorsobtainedfromthesolutionofantennabaselinesinSection3.2aredirectlyusedinsteadofresortingtotheambiguitiesdirectly.Thisallowsamodularizationofthedataprocessingwithoutloosinginformation,asmathematicallyspeaking,theresultingattitudeparametersshouldbeequalforthebaselineapproachandthecarrierphasemeasurementapproach(Lu,1995).4.3.1.ApproximateSolutionfromTwoVectorsGivenacertainnumberofvectorsktinthebodyframeB,andthesamesetofvectorsinthelocallevel,northorientedframe£,therotationmatrixRß/cissought,thatwillmapktontokt.Thusthebasicequationcanbewrittenaskf=RB/Ckf(4.8)Figure4.2.:GPSantennavectorinthelocallevelandbodyframerespectively.Letustaketwoarbitraryvectors(derivedfromthreeantennae'sGPScoordinates)kxandk2,andtheirrepresentationinbodyframekxandk2knownfromcalibrationmeasurements.Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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Taking the two vectors, two special coordinate frames C and B' can be built as

i? = llfcf II (4-9)

if = if x if (4.10)

B'

Ifcfxfcïll (4-11)

|fef|| (4.12)
B'
_

-B'
„

-B'
*2 if X if (4.13)

if = ||fcf x fcf || (4.14)

and a third one (X) as:

*ï=fo), *2=(l], *f= 0 (4.15)

Thus a rotation matrix L is calculated by

Vi,jG(l,2,3): lv=i*-if (4.16)

and the matrix B analogously

Vi,jG(l,2,3): btJ=i*-i? (4.17)

The
solutionfortherotationmatrixÄß/£inequation(4.8)istherefore:Rß/c=-^/:/ß=-k-ö(4-18)Therotationmatrixobtainedbythisdirectmethodissubsequentlyusedasanapproximatesolutionfortheleastsquaresadjustmentdescribedbelow.4.3.2.LeastSquaresAdjustmentforOneEpochIftherearemorethantwovectorsktinEquation4.8,anoptimalrotationmatrixcanbesoughtbyusingaleastsquares(LSQ)adjustment.Theattitudesolutioniscalculatedonaperepochbasis,independentlyfromsubsequentepochsexceptthattheyarelinkedtroughtheGPSambiguityresolutionprocess.TheEquation(4.8)istakenastheobservationequationandlinearized:kf-Rc/Bkf=0=F(0)(4.19)dFdFd#M+dkdh+FW=°(420)Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo
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which, in matrix notation, becomes

Atd# + Btdkt = wt with Ct = ( ^ ^ ) (4.21)

and with

Ckc 0

•* = c -*>> • C$)

«?,. F(ê0) = -(kf-R0kf)

L0J

?0

where Äo is the approximate matrix A£/# calculated from two vectors (Equation
4.18), and Kf is a skew symmetric matrix containing the elements of kf analogous
to Equation A.9. The linearization and differentiation of the rotation matrix is

described in detail inAppendixA.l.Theindexiindicatesvectornumber.ThematrixA%specifiesthedesignmatrixfortheleastsquaresestimation.Thevariancesandcovariancesoftheobservations(inCkcandCks)formtheweightmatrixPtasfollows:Pi={BlClBl)=(Ckc+R0CkBR0)ThevarianceforthevectorsinthelocallevelframeCisderiveddirectlyfromtheGPSsolutionaccuracy,whereasforthebodyframevariances,valuesfromtheterrestrialleverarmmeasurements(Section5.2)areused.Thevectorwistheabsoluteelement.WethusgetthefamiliarformforaLSQadjustment(e.g.Schmid,1977):dtf=feA^P*A)J2A^P*W*(4-22)Astheobservationequation(4.19)isnotgenuinelylinear,theLSQadjustmentneedstobeiteratedafewtimeswithRqimprovedas=Rc/ßißü+d'à).Thevariancesoftheunknownsaregivenby°l=°oQxx(4.23)withqxxbeingtherespectivediagonalelementoftheinverseofthenormalequationmatrixQ.Q=(j2AÏPiAl)(4.24)Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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4.3.3. Impact of Antenna Configuration on Attitude

Accuracy

As the GPS attitude estimation is computed using baseline vectors, its accuracy

is dependent on the satellite and the antenna vector geometry. Comp (1993) finds

the antenna configuration to be optimal in the sense of minimizing attitude errors,

when the antennae are arranged to build orthogonal vectors. Due to the fact, that

the GPS multi antennae system is used on an airplane, the locations suitable to

place the antennae are very limited. This makes the optimization of the antenna

configuration into strict orthogonality virtually impossible.

Another quite simple strategy for diminishing GPS attitude error is to increase the

baseline length as much as possible. The attitude or pointing error <x# depends

directly on the differential ranging error ar and the baseline length / according to

the formula (Comp, 1993):

0 10 20 30 40 50

baseline
length[m]Figure4.3.:AccuracyofGPSattitudedeterminationasafunctionofbaselinelength.Theaccuracyofbaselinedeterminationisknowntobeontheorderof0.01m.Figure4.3showstheangleaccuracyo®asafunctionofbaselinelength/forar=0.01m(solidline)andar=0.02m(dottedline).Oneclearlyseesthatinordertoreachanangleaccuracyof0.01°,abaselinegreaterthan50mwouldbeneeded.TherealizedbaselinelengthsontheTwinOtterareabout5-10m,whichcorrespondstoanexpectedangularaccuracyof0.05-0.1°.Theantennaconfigurationdescribedinsection2.3.2waschosentohavethevectorsasorthogonalaspossible,andtoincreasebaselinelengthwhilenotcompromisingtoomuchofrigidity.ForexampleCannonandSun(1996)mounttheirantennaeonthewingtips,yetthewingflexuretheretheyfindtobearound0.12m.Forthelaserflights,theantennaeweremountedontheengines,whichisacompromisebetweenlessflexingeffectandshorterbaselinelength.FaveyE,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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4.4. Combining GPS Attitude with INS Attitude

4.4.1. Characteristics of GPS and INS Attitude

Determination

Determining attitude angles of a platform by a GPS antenna array and by INS are

two fundamentally different concepts. As indicated by Equation 4.25, the GPS multi

antenna array attitude can be provided only with limited accuracy due to antenna

placement constraints. On the other hand, an inertial system measures directly the

angular rotation rate with some sort of gyro system. For an overview of different

gyro mechanisms in use refer to e.g. Merhav (1996).

The main characteristics of both concepts are listed in Table 4.1. By means of GPS

Concept Observable A priori
known

Type Current

problems

Ranging from

satellites to

multiple
antenna array

Ranges

(vectors
between

antennae)

Satellite positions,bodyframeantennacoordinatesGlobal,non-autonomous,mediumaccuracyStabilityofantennaarray,limitedbaselinelengthInertialtechniquesSpecificforce,angularvelocityInitialposition,initialattitude,earthrotationrate,gravityfieldGlobal,autonomous,accuracydependentontimeGyrodrifts,deflectionofthevertical,randomwalkTable4.1.:MaincharacteristicsofattitudedeterminationbytheGPSandtheINSconcept(modifiedafterSkaloud,1999).multiantennaarrayattitudeisgivenwithpooraccuracyandlowfrequency,yetitistimeindependent.BymeansofINS,attitudeisgivenwithhighaccuracyandfrequency,butthesolutionissubjecttodrifteffects,randomwalkanddeflectionofthevertical.TheintegrationofGPSandINShasbeenstudiedbymanyresearchers(e.g.SchwarzandWei,1994;Söhneetal.,1994;Mohamed,1999).MostapproachesinvolvesomeFavey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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sort of Kaiman filtering coalescing a navigation grade INS and one single GPS

receiver on the moving platform.

One major drawback of Kaiman filtering is its dependence on good knowledge of

a priori filter statistics and on the weak observability of state vector components

(Mohamed, 1999). The tuning of the input noise parameters is the main difficulty
for using the filter algorithm (Bagnaschi et al., 1993).

With our setup, two independent attitude solutions are available with
propertiescomplementingeachother.ThustheapproachistousetheGPSattitudeasanestimateofthelocalINSdriftoffsetandslope,andcorrecttheINSdatalocallywiththisdriftinformation.Thishasseveraladvantages:•themisalignmentbetweenGPSantennabodyframeandINSbodyframeisinherentlytakencareof,•asthelaserlinesspanoverashortperiodoftime(fa60s),thegyrodriftsstaylocallysmallandapproximatelylinear(exampledrift:3deg/hr?a0.05deg/min),•theestimationofthelocalbiasinvolvesnotonlypastobservations(asinaKaimanfilter)butallobservationsavailablefortheline,•timedependentKaimanfilterdegradationduetoGPSoutagedoesnotlagbehindonre-lockingthesatellites.4.4.2.INSSpecificErrorSourcesTheattitudedeterminationusingastrapdownINSisaby-productofINSpositiondetermination(e.g.Merhav,1996).Themeasuredrotationratescannotjustbeinte¬gratedwithtimearoundthebodycoordinatesystemaxes.Forastrapdownsystem,thefollowingrelationbetweentheEuleranglerates^i,^2,^3andthemeasuredrotationratesooBholds(Farrell,1976):•&1—$3sin#2\$2cos$i+$3cos#2sindi(4.26)$3cos#2cos#i—$2sind\)IfEquation4.26issolvedfortheEuleranglerates,wegetthefollowingdifferentialequations:u)\+tan$2(k>2sin$i+CU3cos$1,cu2cos$1—oj3sindi|(4.27)^^(u2sindi+u;3cos#1)Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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The Euler angles are then updated by integrating the rates as:

0= èdt (4.28)

Because the angle rates have to be integrated over time, the resulting angles suffer

a degradation over time. Additionally, a gyro zero offset error in one single gyro

sensor ojt propagates into more than one Euler angle rate. This holds true especially
for the body frame azimuth rate CU3 and the body frame pitch rate U2.

Drift and Random Walk

A constant zero offset of a gyro sensor produces a constant drift in the attitude

angles. This offset is usually estimated as an additional state in the Kaiman filter

when the integration of the attitude rates is done. Such an offset is not necessarily

constant, but may show sensitivity to temperature change or acceleration. How well

these drift effects are mitigated
dependsonthesystemmanufacturer'scalibration.Inertialsystemsoftenhavetoberecalibratedafteracertaintime(Lipman,1992).Assumeagyrosignaliscontaminatedwithwhitenoise.Anintegrationofwhitenoisedoesnotyieldanormallydistributednoise,butabiaswhichrandomlywalksaway.Thiseffectisknownasrandomwalk.ThequalityofGyrosensorsisthusoftengivenindriftrate,i.e.itisdefinedtowhatextentthecomputedanglesremainstable.MisalignmentofGPS,INSandLaserSubsystemsAsdescribedinsection4.2.1,eachsubsystemdefinesadifferentrealizationofthebodyframe.Thesemisalignmentsareaccountedforintwodifferentways:•themisalignmentbetweentheGPSandiMARINSisinherentlytakencareofbytheintegrationprocessdescribedbelow,•theboresightmisalignmentbetweentheGPSandthelasersystemisestimatedbyaself-calibrationtechniquedescribedinSection5.3,•themisalignmentbetweentheGPS/iMARcombinationandtheApplanixSys¬temisestimatedbycomparingtherespectiveattitudeanglesolutions.4.4.3.IntegratingGPSandINSAttitudebyLocalPolynomialCorrectionTheINSattitudedriftparametersareestimatedbyapolynomialregressionforthetimewindow[ts,te]ofeachsinglelaserscanline.Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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Instead of using ordinary polynomials of the form a® + a\X + a^/x2 +
..., Chebyshev

polynomials are used (e.g. Bronstejn and Semendjaev, 1987, p. 752). It is well

known that the ordinary polynomial basis l,x,x2,... gives terribly ill-conditioned

matrices. This is because the ordinary basis is far from orthogonal.

Thus the regression model is written as

^GPs(t) - iWrW = /(*) + e (4.29)

and fitted by least squares, where e are error misfits. The function f(t) is con¬

structed
usingChebyshevpolynomials(BronstejnandSemendjaev,1987)withthetimewindow[ts,te]scaledto[—1,1]:f(t)=a0T0+aiT1+...(4.30)Thenumberofmodelparametersu,startingatone,isiterativelyincreaseduntilthereductioninvarianceofthemodelresidualsisnotsignificantattheconfidencelevela.Thesignificanceoftheimprovementinmodelmisfitresidualssquared(~z^j)isevaluatedbyanFtest.TheregressionisrealizedintheGMTsoftwareofWesselandSmith(1998).Theregressionadditionallyismaderobustbyiterativelyreweightingthedatatoreducetheinfluenceofoutliers.TheweightisbasedontheMedianAbsoluteDevia¬tionandaformulafromHuber(1964),andis95%efficientwhenthemodelresidualshaveanoutlier-freenormaldistribution.Thismeansthattheinfluenceofoutliersisreducedonlyslightlyateachiteration;consequentlythereductioninthevarianceisnotverysignificant.Astheprocedureneedsafewiterationstosuccessfullyatten¬uatetheireffect,thesignificanceleveloftheFtestmustbekeptlow(WesselandSmith,1998).ThisestimateddriftfunctionissubsequentlyappliedtotheINSdatatoyieldthecombinedattitudeanglestfcomb(*)=0iMAR(*)+/(*)(4.31)Figure4.4showsanexampleoftherollangledifference</>gps(^)—0imar(£)foronescanlinelastingabout80s.Inthiscase,alinearregressionfitssufficientlytheIMUdrifteffect.Thismeansthatthereductioninvarianceachievedbyincreasingthenumberoftermsinthemodelisnotsignificantatadegreeofconfidenceof68%.ThismakessenseastheremainingmodelmisfitissmallerthantheGPSattitudeaccuracy.Lookingatthepitchangleofthesamestrip,theiMARpitchangleapparentlysuffersstrongerdrifteffects(Figure4.5).Inthiscase,a7parameterpolynomialwasusedtofitthedrifteffects.Theyawanglecouldagainbemodeledusingalinearapproach(Figure4.6).Themagnitudeofthedriftcorrectionsisupto3°andisnotconstantforallscanlines.Table4.2givesanoverviewofthedriftcorrectionresults.Favey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045
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iMAR roll angle (100 Hz)

GPS roll angle (2 Hz)

difference: GPS - iMAR

trend: GPS - iMAR

24240 24255 24270 24285

time [sec of day]

24300

Figure 4.4.: Roll angle of GPS attitude solution and iMAR output for one laser scan

line. The difference GPS minus iMAR is subject to a trend estimation.

'mmtbt^^

»**mm*!f

iMAR pitch angle (100 Hz)

GPS pitch angle (2 Hz)

difference: GPS - iMAR

trend: GPS - iMAR

24240 24255 24270 24285

time [sec of day]

24300

Figure 4.5.: Pitch angle of GPS attitude solution and iMAR output for one laser

scan line. A 7 parameter polynomial was used to fit the drift effects.
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Figure 4.6.: Yaw angle of GPS attitude solution and iMAR output for one laser scan

line. The trend function is a linear fit. The outlier just before second

24270 appears in all three angular components, and is due to a bad GPS

attitude solution for that epoch.
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strip

# n

roll pitch yaw

9903 219

9905 239

9907 239

1 2.89 0.044

1 2.73 0.052

1 2.65 0.041

6 -0.57 0.040

2 -0.65 0.099

2 -0.78 0.048

1 -1.82 0.042

1 -1.90 0.026

1 -2.07 0.035

9904 159

9906 159

1 -1.72 0.064

2 -1.68 0.074

7 -0.18 0.033

1 -0.11 0.081

1 -2.22 0.030

2 -2.31 0.048

9909 105

9910 101

9911 101

1 -1.65 0.058

1 -2.08 0.095

3 -2.00 0.038

1 -0.96 0.127

3 -0.80 0.040

3 -1.16 0.040

1 -2.68 0.055

3 -2.26 0.037

1 -2.26 0.049

9805 479

9808 439

9810 399

1 2.46 0.090

2 2.46 0.079

1 2.68 0.083

4 -0.88 0.103

5 -0.82 0.097

1 -0.97 0.190

1 -2.37 0.088

1 -1.99 0.117
2-2.020.132980944398113195-1.060.1401-1.240.1634-0.660.3865-0.270.2142-2.010.1986-2.210.11998122399813319981431912.640.1423-1.540.05732.620.0613-0.660.1271-0.680.2452-0.620.1031-2.170.1461-2.180.0962-1.930.100Table4.2.:Tablewithattitudeangleoffsetanddriftestimation,nisthenumberofobservationsforthatstrip,ustandsforthenumberofmodelparametersfoundtobesignificant,äodenotesthemeanangleoffsetfortherespectivestrip,whichissuppliedtogiveanideaofthevariationalbehavior.Thethirdcolumnshowsthemodelmisfitresidualssquared,whichisontheorderoftheGPSattitudeaccuracy.Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo

14045



Chapter 4 65 Attitude Determination

The results for the strips of 1998 appear to be worse than those of 1999. This is on

one hand due to the fact, that the 1998 flight was very turbulent because of winds

up to 20 knots. On the other hand, all but one short GPS baseline of 1998 had one

remaining unresolved ambiguity (cf. Table 3.1), which consequently degrades the

GPS attitude solution.

4.4.4. Comparison of Integrated Attitude Solution with a

Commercial POS Solution

As the attitude during the 1999 laser flight was determined independently by the

combination GPS/iMAR and an Applanix INS/DGPS system. The results of the

combined attitude determination can thus be compared with the result of the com¬

mercial Applanix solution.

The commercial solution uses an integrated INS/DGPS Kaiman filter solution and

high accuracy gyros with a drift on the order of l°/h (manufacturer's specification

sheet). The roll angle presented in Figure 4.4 from the same flight line is compared
with the Applanix solution in Figure 4.7. ThegoodcoincidencecanclearlybeseenaswellasthedisplacementofthetwocurvesbytheGPSandApplanixbodyframes'misalignment.Thetwootherattitudeangles'comparisonisshowninFigures4.8and4.9.Thecomparisondifferencesshowashorttermdynamicbehaviorwhichcanoccurduetovariousreasons:•thepolynomialapproachisunabletomodel.Ononehandthiswouldrequireahigherorderpolynomialwithoutasignificantdecreaseinmodelmisfitresidualssquared;ontheotherhand,themagnitudeofthisdynamicbehaviorisontheorderoftheGPSattitudeaccuracy.•theKaimanfilterapproachoftheApplanixsystemmightlagbehindinadynamicenvironment,dependingonhowthegainisdefined.Withoutknowledgeofa'true'attitudeangle,itisdifficulttoattributetheseeffectstoasinglesystem.Table4.3givesastatisticaloverviewofthecomparisonofallscanlinesofthesummer1999.Themisalignmentoffsetvarieswith±0.05°,asitmainlydependsontheGPSangleaccuracy.Partsoftheratherhighstandarddeviationoftheorderof0.02-0.04°areduetotheoscillationsasseeninFigure4.7,andduetothedifferentdynamicresponseofthesystemsasdescribedabove.Favey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045
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24245 5 24246 0 24246 5 24247 0 24247 5 24248 0

GPS/iMAR combined roll angle

Applanix roll angle

difference combined - Applanix

25

24225 24240 24255 24270

time [sec of day]

24285 24300

20

1 5

1 0

05

00

-0 5

Figure 4.7.: Roll angle of GPS/iMAR combined attitude solution and Applanix so¬

lution for one laser scan line. The green line shows the difference of

these two independent attitude solutions. Note the two oscillations on

the combined and the Applanix roll angle respectively, and the beat on

the difference.
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GPS/iMAR combined pitch angle

Applanix pitch angle
difference combined - Applanix

24225 24240 24255 24270

time [sec of day]
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1 0
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- 00
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Figure 4.8.: Pitch angle of GPS/iMAR combined attitude solution and Applanix
solution for one laser scan line. The green line shows the difference of

these two independent attitude solutions. The remaining unmodelled

features in the difference are on the order of the GPS attitude accuracy.
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Figure 4.9.: Yaw angle of GPS/iMAR combined attitude solution and Applanix so¬

lution for one laser scan line. The green line shows the difference of

these two independent attitude solutions.
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strip #
observation count

03

10800

04

7800

05

11800

06

7800

07

11800

09

5100

10

4900

11

4900

roll angle difference 0comb - 0appi
strip min max mean stddev

03 0.171 0.219 0.191 0.007

04 0.019 0.102 0.065 0.017

05 -0.001 0.065 0.031 0.012

06 0.001 0.175 0.103 0.036

07 -0.052 0.090 0.029 0.031

09 0.035 0.138 0.092 0.023

10 0.005 0.107 0.074 0.023

11 0.058 0.156 0.097 0.020

pitch angle difference #comb — #appi
strip min max mean stddev

03 -0.785 -0.543 -0.693 0.047

04 -0.789 -0.658 -0.736 0.028

05 -0.984 -0.485 -0.670 0.113

06 -0.879 -0.557 -0.731 0.087

07 -0.843 -0.608 -0.706 0.050

09 -0.914 -0.527 -0.752 0.111

10 -0.844 -0.651 -0.702
0.03511-0.838-0.691-0.7450.037yawangledifference^comb-^apPistripminmaxmeanstddev03-0.705-0.596-0.6290.02104-0.781-0.677-0.7520.01705-0.758-0.656-0.7000.02106-0.800-0.661-0.7160.02907-0.815-0.658-0.7180.02509-0.753-0.631-0.6790.03410-0.774-0.680-0.7320.02211-0.775-0.643-0.7000.038Table4.3.:ComparisonoftheattitudesolutionofGPS/iMARcombinedvs.Ap-planixsolution.ThemeanvaluescorrespondtothemisalignmentoffsetbetweenthetwoIMUcoordinateframes.Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo
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4.5. Inertial System Placement Considerations

The two inertial systems from iMAR and Applanix were placed at different locations

within the airplane during the same flight. The Applanix system was mounted

directly on top of the scanning mirror holding frame (see Figure 2.6), whereas the

iMAR system was placed at the center of mass of the airplane on the floor (Figure
2.5).

The zoomed view in Figure 4.7 shows clearly two distinct oscillations, one on the

angle of the Applanix system, and one on the angle of the combined GPS/iMar
solution. A Fourier transform of the dataset of Figure 4.7 is shown in Figure 4.10.

The Applanix system's oscillation is at 20 Hz. This corresponds to the laser scan
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Figure 4.10.: Power spectrum of the roll angle data shown
inFigure4.7.Thefre¬quencyof20HzispresentonlyintheApplanixdata,whereasthefrequencyof28Hzshowsuponlyinthecombinedsolution.mirrorrotationrate.Asthesensorismountedrightontopofthemirror,itisevidentthatthisfrequencycorrespondstothiscause.TheiMARsystemontheotherhand—mountedontheaircraftfloor—doesnot'see'thismirrorfrequency.Yetitseesadifferentoscillationat28Hz.Thisfrequencycorrespondstotheaircraftpropellers'rotationrate.Itisyetunclear,whytheApplanixsystemlacksthissecondfrequency,asitisnotisolatedfromtheaircraftvibrations.Theamplitudeofbothvibrationsremainssmall,e.g.themagnitudeofthefrequenciesisontheorderof0.005°.ThedifferentialmovementsbetweentheIMUandthelaserunitisratherdifficulttoovercome.MountingtheIMUascloselyandrigidlyaspossibletotheremotesensinghardwareisadvisable(Skaloud,1999).YetthiswasonlypossibleintheFavey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo
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case of the Applanix system. The iMAR system's physical dimensions were too

large to be included in the laser hardware body.
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5. Acquiring Inner Orientation

Parameters

5.1. Introduction

Critical elements in the georeferencing observation equation (2.18) are the inner

orientation parameters such as

• the lever arm between the scanner point of reference and the GPS antenna

phase center, and

• the misalignment rotation matrix between the scanner and the body frame

(boresight misalignment).

These parameters can affect the georeferencing of the laser data systematically,

yet they are not trivial to determine. They are usually assumed to remain constant

during the whole flight, tough they are subject to vibrations and aircraft deformation

to a small degree.

The lever arms and the position of all GPS antennae was measured with conventional

methods on the ground. In a first part, the emergence of the body frame coordinates

for our flight setup is described.

The second part of this chapter deals with an approach to estimate the boresight

misalignment angles directly from the laser scanner data using a self-calibration

technique.

5.2. Lever Arms and Body Frame

The laser scanner reference point is the center of the scanning mirror (Figure 2.8).
The position of this reference point related to the GPS antenna phase center has to

be known very accurately, as an error
inthisvaluepropagateslinearlyintothefinalgroundposition.Usingthefiducialpointsofthefrontaerialcamera,anaircraftbodyframewasrealizedbyterrestrialmeasurements,includingthelocationsoftheGPSantennae(REAR,LEICA,FWDA)onthefuselage(Geigeretaï.,1997).Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo
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Figure 5.1.: Ground measurement of antenna positions using a theodolite.

The relation of the GPS antennae used for positioning to the aerial camera frames

and fiducial marks were measured using a theodolite setup in the
hangar.Forthispurpose,theaircraftwasjackedupandlevelledout(i.e.thefiducialplanesofthetwoaerialcamerasweremadetobelevel).ThecoordinatesofallthepointsofinterestonandintheaircraftwereadjustedwithanunconstrainednetworkusinganLSQ-softwareforterrestrialmeasurements.Thestandarddeviationfromtheadjustmentforthe3Dpointcoordinatesisbetterthan1mm.Figure5.2.:Jackedupaircraftduringtheleverarmsmeasurements.Asthelaserscannerismountedexactlyontothesamespacerastheaerialcamera;therelationofthespacerscrewholestothefiducialpointsaswellastothescannerreferencepointwasdetermined.Atthetimeoftheterrestrialmeasurements,theantennaarrayofsinglefrequencyantennae(FRNT,LEFT,RGHT,TAIL)usedsolelyforattitudedeterminationwereFaveyE2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurichDissNo14045
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not yet mounted on the aircraft. They were measured by placing the airplane on

the taxiway and letting all GPS receivers log data simultaneously. The body frame

coordinates of the single frequency receivers could then be derived from the known

coordinates of the antennae measured by theodolite. This was done using a static

DGPS evaluation, where the REAR, LEICA, and FWDB coordinates were used as

reference.

The antenna FWDA was replaced by a different antenna FWDB, mounted at the

same location in the winter of 1998. The coordinates of FWDB were derived from

FWDA's coordinates by measuring its local displacement at the mount point. The

lever arm between FWDB, which was connected to the Applanix system and the

laser scanningmirrorgetsestimatedbytheApplanixsoftwareasaKaimanfilterstate.Acomparisonofthecommercialsoftware'ssolutionandtheterrestriallymeasuredleverarmsyieldedanoffsetinflightdirectionxBof8.5cm,2cminyBand0.3cmintheheightcomponentzB.TheseresultsarenotsignificantaccordingtothestandarddeviationoftheKaimanfilterestimation.Stillitshowsagoodmatchwithintheexpected1cmaccuracyapartfromtheratherbigoffsetinxB.5.3.HandlingBoresightMisalignmentbySelf-Calibration5.3.1.ApproachestoCalibrateMisalignmentfromFlightDataAsopposedtotheleverarms,themisalignmentanglesbetweenthebodyframeBandthelaserframeSisratherdifficulttomeasuredirectly.Assumeageolocationaccuracyof10cmiswantedataflyingaltitudeof700m.Translatedtoa1mbaseline(aboutthesizeofthelaserscannercarryingframe),thiswouldmeantomeasureitsorientationrespectivetotheaircraftframewithanaccuracyof0.1mm.TheScaLARSIIlaserscannerusesapalmerscanmechanism,whichdrawsellipse¬likepatternstotheground(Figure5.3).ThisspecialpatternhasbeenexploitedbyThielandWehr(1999)tomanuallydeterminethemisalignmentanglesdirectlyfromthelaserdataitself.Astheairplanemoveson,thesameregiononearthisscannedtwice,oncewithintheforwardhalfoftheellipticalpattern,andonceonthebackwardhalf.Theoretically,iftheverysamespotonearthwashit,orthetargetregionisahorizontalplanebothheightmeasurementsshouldbeofthesamemagnitude.Apitchangleoffsetd9shiftsthepatterninflightdirection,liftingtheforwardandloweringthebackwardscanatthecenterline.Thepitchangleoffsetcanbederiveddirectlyfromtheheightdifferencedhandthediameterdoftheellipseinflightdirectionas:(dh\d9=arcsinI—J(5.1)Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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Figure 5.3.: Scan Pattern of the Palmer Scanner for 20 mirror revolutions (Is at

20Hz). It can be seen clearly that if the airplane translates in flight

direction, the same region on earth is scanned a second time by the part

of the ellipse behind the major axis. Note also the denser measurements

towards the sides of the swath.
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The yaw and roll angle offsets dip and dcf) are derived from horizontal displacements
in the reflectance intensity data of well identifiable objects like houses, street inter¬

sections or house corners. They are calculated as

diß = arcsin

dcj) = arcsin

where

dn : observed horizontal displacement lateral to the flight direction at the center

of the swath.

b : semi-axis of ellipse pattern in flight direction.

do : observed swath overlap displacement lateral to the flight direction. This

works only, if the overlapping lines have been flown in anti-parallel direction.

r : slant laser range.

This method of Thiel and Wehr (1999) has several drawbacks for the glacier case:

• the objects to match for the roll and pitch angle offsets have to be found

manually,
•thismethodmaybesuitableforurbanareaswithmanywellidentifiableobjectsintherathercoarseintensitydata;yetinareaslikeglaciersorsnowfields,itisratherdifficulttoidentifyobjectsintheintensitydatatomatch,•therolloffsetanglecannotbedeterminedwithparallellinesflowninthesamedirection.Anapproachofmatchingtriangulatedirregularnetwork(TIN)patchesofstripover¬lapsisfollowedbyMaas(2000).Itisavariantoftheleastsquaresmatching(LSM)techniqueappliedregularlybyphotogrammetristsfortheestablishmentofcorre¬spondencesbetweenimagesfromdifferentviewingpoints,andevenproposedtoapplytogriddedDEMlaserscannerdata(Kilian,1994).UsingTINstructuresformatchingtriestoavoidthedrawbacksofinterpolatingthemeasurementstoaregulargrid.Thismeansthatitispossibletoexcluderegionsofocclusionsbyde¬selectingtrianglesidentifiedasbridginggapsduetotheirlongishshapeaswellastheirsteepness.Especiallyinflatareas,thismethodcanonlybeusedtodetermineaverticalshiftparameter,asthepatchcontrastintheheightdataistoosmall.Ifreflectanceintensitiesareavailable,theymaycomplementtheheightdataforthedeterminationofhorizontalshiftparameters.ThismethodcouldbeusedtoautomatethemethodofThielandWehr(1999)forangleoffsetdetermination.Yetitsapplicabilitytorathertexture-lessdata(inheightaswellasreflectanceintensity)ofnonurbanareasneedstobefurtherinvestigated.Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045dn26do2r(5.2)(5.3)
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For the method to succeed, each patch needs to provide enough contrast for the

matching to work. In case described by Maas (2000), the patch centers were chosen

manually, and needed to contain a uniform or orthogonal distribution of significant

gradients for the match to be accepted. Additionally, his method is sensitive to noise

of the laser data or insufficient sampling of the contrast features.

5.3.2. Influence ofBoresightMisalignmentontheLaserHeightInthissection,anapproachispresentedtoestimatetheboresightmisalignmentoff¬setanglesdirectlyfromthelaserdistancemeasurementsusingaleastsquares(LSQ)adjustment.Thisself-calibrationtechniqueisbasedontheassumption,thatlasergroundpointsfromdifferentshots,thatareclosetogether(withinafewmeters)moreorlesshavethesameheight,astheglacierareaisratheracontinuous,planararea.Inthiscase,theplanefromonescansubsetAshouldhavethesamechar¬acteristicsastheplanederivedfromanadjacentscansubsetBcoveringthesamearea.Examplesofsuchsubsetsarestripoverlapareasorportionsoftheforwardandbackwardscanofthepalmerscanningpattern(Figure5.3)ofaselectedregion.Thedifferenceisthenfunctionallymodeledtobeanerrorinducedbytheattitudeangles.ThegeneralapproachisdescribedbythefunctionF(l,u)=zA(l,u)\^yo-zB(l,u)\xojyo=0(5.4)whereI:Observations,likeposition,attitudeanglesu:Unknownangleoffsetsforroll,pitchandyawza'height,interpolatedfromalocalsubsetAofpointszb'height,interpolatedfromanotherlocalsubsetBofpointsXo,yo:locationofinterpolationThesubsetsAandBareselecteddifferentlyforeachangle'sspecificoffsetdeter¬minationneeds.Forthepitchangleoffset,thesubsetsAandBareselectedfromtheforwardandbackwardscaninaway,thattheircurrentlocationongroundisthesame.TheheightdifferencedhthencorrespondstoEquation5.1,wherethediametercanalsobeviewedasd=rasinaa+r&sina&withrandabeingtheslantrangeandthescananglerespectively(Figure5.4).dh=(rasinaa+r&sina&)sind9(5.5)Therollanglecanbedeterminedfromtheheightdifferencefromoverlappingstripsflownparallelinthesamedirection(Figure5.4).Inthiscase,therollangleoffsetisFavey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045
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Figure 5.4.: Pitch angle determination from forward and backward scan. The sub¬

sets A and B are selected from the same strip and need to have a time

lag of at least 2 seconds. This same figure also explains the roll angle
determination from strip overlap of lines flown in parallel direction. In

this case the subsets A and B need to be from different strips.

determined analogously to Equation 5.5, but d = rasinaa + r^sina^ in this case is

the distance between the strips' trajectories.

dh = (ra sin aa + r& sin a&) sin d(f) (5.6)

Getting the yaw angle from the height data is only possible, if there are large
planartiltedareaswithpositiveandnegativeslopeswithinthescannedregion,suchasaridgeoraV-formedfeature.Withthescanninganglea,theslopeinclinationangleß,andtheangle7betweentheazimuthofthescandirectionandtheazimuthoftheslopegradient(Figure5.5)weget:dh=(rasinaa+r&sina&)tanßcos7sindiß(5.7)Dependingonwhethertheslopeislateralorlongitudinaltotheflightdirection,thisangularcomponentiscorrelatedeitherwiththerollorpitchangles'offsets.Ifthetargetishorizontal(ß—>0),theyawangleoffsetobviouslybecomesindeterminable.TheEquations5.5-5.7arenotuseddirectlyduetotheirsingularityproblemandduetothefact,thattheyareonlyvalid,iftheangularoffsetswereuncorrelated.Yettheycanbeusedtoestimatetheinfluenceofadifferencedhontheangularoffsets.Favey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.
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Figure 5.5.: Yaw angle determination from tilted target lateral to flight direction in

strip overlap or along the flight direction from forward and backward

scan. The subsets A and B need to be from different strips or need to

have a time lag of at least 2 seconds.

Favey, E
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5.3.3. Determination of Offset Angles Using Least-Squares

Adjustment

For the LSQ adjustment, the observation equation (5.4) is linearized as

dF
—du = -F(l,u0) (5.8)
ou

The za and zb values are calculated as a weighted mean of the respective selected

local subset points i. For a subset TV holds:

J^ W^X^l, u)-x0, Vi{l} u) - i/o) • Zi(l, u)

zN(l, u) = ^ — (5.9)

ieN

where Wi is a weight
functionbasedonthedistancebetweentherawmeasurementpoint(xi,yi)andthelocationofinterpolation(x0,y0)(cf.Section5.4).Usingthegeneralequationforgeoreferencing(2.16)forasinglepointi,therelationofthesubsets'heightdifferencestotheunknownparametersisdeterminedasx%VlI(I,u)=xf=ag+Rç,cRc/b{Rb/srss+bB)(5.10)Asthepartialderivationstotheunknownangleoffsetsneedtobebuiltforthelinearization(Equation5.8),theyneedtobecalculatedforeachpointi.Thisisrealizedusingnumericalderivation(Pressetal.,1992)toeachoftheunknownparameters.Duetothenon-linearityoftheobservationequation(5.4)withrespecttotheunknownangularoffsets,theLSQ-adjustmentneedstobeiterativelysolved.5.3.4.ResultsofOffsetAnglesEstimationTheattitudeangledataof1999wasmeasuredusingtwoindependentsensorori¬entationsystems.Acomparisonofthesetwoattitudeanglesolutionsispresentedinchapter4.Thelaserscanningdataof1999fortheregionofLauteraargletscherwasgeoreferencedseparatelywithbothattitudesolutions.Thesetwosolutionswerethenenteredintotheself-calibrationprocedure.Theangleoffsetsdeterminedbytheself-calibrationtechniquearelistedinTable5.1.Theoretically,thedifferencesbetweenthemisalignmentoffsetsoftheGPS/iMARsolutionandthoseoftheApplanixsolutionshouldbethesameasthemeanatti¬tudeangledifferenceslistedinTable4.3.ForconveniencethemeanattitudeangledifferencesofalleightstripsarelistedagaininTable5.1.DuetotheinstabilityovertimeoftheattitudeangledifferencesbetweenthetwoINSsystems,themisalignmentoffsetbetweenthosetwosystemscanbedeterminedonlyFavey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045
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attitude

system

roll angle [°]
d(j> od<t>

pitch angle [°]
dO ade

yaw angle [°]
diß Od'4,

GPS/iMAR
Applanix

-0.020 0.003

0.064 0.003

0.798 0.002

0.025 0.001

0.615 0.008

0.004 0.007

difference -0.084 0.773 0.611

from Table 4.3 -0.085 0.717 0.703

Table 5.1.: Results of self-calibration calculations for Lauteraargletscher flight 1999.

The comparison of the alignment angles between the body frame B re¬

alized by the GPS antennae and the Applanix strap-down IMU frame

shows a good coincidence especially for the roll angle. The pitch and

yaw angles showthesamemagnitudewithin0.07-0.09°.toabout0.1°accuracy.Theresultsfromself-calibrationshowagoodagreement—withinthenotedaccuracy—withtherawangledifferencespresentedinChapter4.TheavalueslistedinTable5.1arethesquarerootoftheaposteriorivariancesoftheunknownparameters.Theyhinttheweakerdeterminabilityoftheyawanglemis¬alignment.InthecaseofLauteraargletscher,thestronginclinationsofthescannedterrainallowstheintroductionoftheyawangleunknownintotheadjustment.ForatargetliketheDübendorfrunway(Section7.2),thedeterminationofayawanglemisalignmentfromtheheightdataaloneisnotpossible.TheLSQadjustmentdoesnotconverge,oritsmatrixbecomesnearlysingularinsuchacase.Foranur¬banareawithoutenoughheightcontrast,matchingtechniquesusingthereflectanceintensitydataasnotedinSection5.3.1wouldbemoresuitablefordeterminingtheyawangleoffset.attitudesystemrollangle[°]d(j>ad(t>pitchangle[°]d0odQyawangle[°]dx\)Od^GPS/iMAR0.0000.0020.0830.0020.3660.008Table5.2.:Resultofself-calibrationcalculationsforLauteraargletscherflight1998.Theoffsetanglesapparentlydonotremainstablebetweendifferentcam¬paignsTheoffsetanglesdeterminedforthe1998flightdifferfromthoseof1999.Eventhoughthesameequipmentwasused,itwasunmountedafterthe1998campaignandremountedfor1999.Apparently,theoffsetsdonotstaythesame.The1998dataisadditionallydegraded,asthedynamicsensitivityofthescanningmirrordistortstheself-calibrationresults(cf.Section7.3.2).Theavaluesareonlyanrelativequalitymeasureforhowwellthoseoffsetscanbeestimatedfromthedatasupplied.TheyarebasedontheassumptionthattheoffsetFavey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045



Chapter 5 83 Acquiring Inner Orientation Parameters

values remain constant during the whole flight. The experiences from Chapter 4

reveal, that this assumption is only true on the 0.1° level. Thus the accuracy of the

self-calibration angles can only be considered with an accuracy to this level as well,
if one wants to apply them for a whole flight.

Introducing the three unknowns on a per strip basis works only for the pitch angle.
For the other two angles, at least one strip would need to remain locked for the LSQ

adjustment to become determinable.

5.4. Height Interpolation Using Weighted Mean

How to interpolate the heightfromthelaserdataforaspecificlocation(x0,2/o)dependsstronglyontheneededinterpolationcharacteristics(Geiger,1996).Dealingwithahugeamountoflaserdata,alocalinterpolationtechniqueisneeded.Therearecommonlythreedifferenttypesoflocalinterpolationtechniquesused:Theweightedmeanisaninterpolationmethod,wheretheinterpolatedvalueshouldbeestimated'aswellaspossible'inthesenseofleastsquares.Osculatingapproximationsareinterpolationmethods,whereatrendfunctionlikeapolynomialoraFouriermodelislocallyfittedthroughthedatapoints.Patchedapproximationsdividethelocalinterpolationdomainintofiniteele¬ments,whereintheinterpolationisdoneusingapolynomialapproach(e.g.TINstructures).Asalreadymentionedabovethepatchedapproachisrathersensitivetosignalnoiseandroughterrain.Usingatrendfunctionontheotherhandwouldrequiretodefinearegressionmodelbasedontheterrainthatistobemapped.Usingaweightedmeanapproachallowstodefineadampingeffectthroughtheweightfunctionandisnotcomputationallyexpensive.That'swhythisapproachwaschosenfortheinterpolation.Theweightfunctionwtischoseninasimilarmannertocollocationtechniquesasafunctionofthedistancep%ofthei-thdatapointfromthelocationtointerpolate:p.nWt=p°t+enPi=V(xi~xo)2+(yt~2/o)2wheren:exponentoftensetto2,determinesthesteepnessofthegradientine.e:dampingcoefficientofthesameunitasp,oftencalledcorrelationlength,asitcorrespondstothedistanceatwhichtheweightwt=0.5(Figure5.6).Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045(5.11)(5.12)
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Equation 5.11 has the advantageous characteristics, that

• at the interpolation position itself with p% = 0, the weight is w% = 1, e.g. for a

point located exactly at xt = x0 and y% = y0.

• the damping coefficient e can be chosen with a value whose meaning is easily

apprehensible,

• it shows a similar form as a Gauss curve, i.e. with increasing distance p, the

influence of a data point asymptotically approaches 0.

-20 -10 0 10 20 -20 -10 0 10 20 -20 -10 0 10 20

distance (n=2, e=2) distance (n=2, e=5) distance (n=2, e=10)

-20 -10 0 10 20 -20 -10 0 10 20 -20 -10 0 10 20

distance (n=4,e=2)distance(n=4,e=5)distance(n=4,e=10)-20-1001020-20-1001020-20-1001020distance(n=6,e=2)distance(n=6,e=5)distance(n=6,e=10)Figure5.6.:Examplesoftheweightfunctionwdependingontheexponentnandthedampingcoefficientsversusthedistancep.Thevaluesofnandsarechosenwithrespecttothefootprintsize/,thelaserdatapointspacingsandthedesireddampingeffectoftheinterpolation.Ifthevaluesarechosenasn=4,e>sande>2/(5.13)thenwithinp<ftheweightwillstayat1,whereasaneighboringpoint'sinfluencewilldeclineratherdrastically.Ifastrongerdampingisdesired,thevaluescouldbesetton=2ande>2s(5.14)Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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The size of a patch TV is limited to a threshold radius R, the points are selected as:

Vi G N : pt<R (5.15)

The radius R is chosen depending on the weighting function, so that wl —>• 0 for

pt —> R. Looking at Figure 5.6, a value like R = 10£ should satisfy this need.

Favey, E
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6. Results of Airborne Laser

Scanning

6.1. Digital Surface Model Generation

6.1.1. Accuracy Estimate of Generated Model Derived from

Contributing Measurement System Performances

The quality of the final result naturally depends on the quality of the contributing
elements as shown in Section 2.5. Thus the quality of the positioning and attitude

solution has to be monitored when generating the DSM.

The quality of the GPS positioning is determined by the dilution of precision (DOP)
value calculated for each epoch. Figures 8.1-8.3 show the DOP values for the glacier

trajectories of 1998 and 1999.

The parts of the trajectory, where the DOP gets unuseably bad were not used for

the laser evaluation. This applies mainly to the strip 9812 closest to Finsteraarhorn

in 1998, as well as for the beginning of strip 9811. Only the parts of those strips

were used, where the DOP value was smaller than 10.

The satellite constellation in general was better during the 1999 flight. Strip number

9809, the east strip on Strahlegggletscher in 1998 was flown with 4 satellites
visibleonly.Thusthisstrip'saccuracyisexpectedtobeconsiderablydegraded,i.e.worsethan1mpositionaccuracy.Asanindicatorofthequalityoftheattitudedetermination,thefittingRMSofthedriftestimationcanbeused(cf.Table4.2).PuttingthingstogetheraccordingtoEquation2.25,anaccuracyestimateforeachstripcanbecalculated.TheDOPvalueinterpretedascmismultipliedwith2.5,astheheightisdeterminedweakerbythisfactorduetothesatellitegeometry.ThusforaDOPof3wesetda^=0.075m.Table8.1showstheestimatesforthelaserstripsof1998and1999.AscanbederivedfromTable8.1,thelaserdataofStrahlegggletscherof1998isheavilydegraded.ThiswillalsohaveconsequencesforthetemporalanalysisoftheStrahlegggletscherdata.AllpointsareindividuallygeoreferencedusingEquation2.16.Fordisplayandtem¬poralanalysis,thepointsweregriddedwith10mspacingusingtheweightedmeanFavey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045
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Figure 6.4.: DSM generated from laser scanning data for the year 1998. The contour

interval is 20 m.
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Figure 6.5.: DSM generated from laser scanning data for the year 1999. The contour

interval is 20 m.
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Glacier Strip # DOP ae °*3

Lauteraar-

gletscher

9805 5 0.10

9808 4 0.11

9810 4 0.19

0.54

0.57

0.94

Strahlegg¬

gletscher

9809 14 0.39

9811 4 0.21

1.90

1.03

Finsteraar¬

gletscher

9812 4 0.15

9813 3 0.25

9814 4 0.10

0.75

1.22

0.53

Lauteraar¬

gletscher

9903 3 0.04

9905 3 0.10

9907 3 0.05

0.29

0.53

0.32

Strahlegg¬

gletscher

9904 4 0.06

9906 4 0.08

0.37

0.45

Finsteraar¬

gletscher

9909 3 0.10

9910 3 0.10

9911 3 0.05

0.53

0.53

0.32

Table 6.1.: Accuracy estimates for each individual laser scan strip.

approach described in Section 5.4. For the temporal analysis following in the next

section, the elements of the weight function (Equation 5.11) were chosen as s = 3 m

and n = 2. The contributing point search was limited to a radius R = 15 m.

The Figures 6.4 and 6.5 show the actual coverage
ofthelaserscanningandtheresultingDSM.Thedataspansovermorethan1000mheightdifference.6.1.2.ResultsofBlunderDetectionAlgorithmThequalityoftherawlaserdistancemeasurementisstronglydependentonthereflectivityofthetargetsurface.AsshowninSection7.2.3,alowreflectedsignalintensitycausesahigherprobabilityofwrongambiguityfixing.The'dark'partsforthelaserwavelengthof810nmposeproblemstothelaserscanningtechnique,asthereflectionthereismuchweakerthanonsnowandice.Thisismainlythecaseinthecliffregionsandondebris-coveredpartsoftheglacierormoraines.TheblunderdetectionalgorithmdescribedinSection2.2.4wasappliedtoallofthelaserscanningdata.Figure6.6showsavisualexampleofthesuccessoftheblunderdetectionandremovalalgorithm.AsTable6.2shows,themajorityoftheblundercanbedetectedandremoved.ThisbringsaconsiderableimprovementtotheaccuracyofthelaserscanningDSM,astheRMSofthedifferencesofthecomparisonwiththephotogrammetricdatasetindicates(cf.Section7.3).Favey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.
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(a) 1 x 1 km without blunder detection (b) 1 x 1 km after blunder detection and

removal

Figure 6.6.: Success of blunder detection algorithm. The colored parts are the strip

overlap differences scaled the same way as in Figures 6 7-6 10.

before blunder removal after blunder removal

strip # pts RMS

[m]

blunder

%

#pts RMS blunder

[m] %

# points
removed

9903 353829 3.3 5.7 336589 0.5 0.8 17240

9905 401274 3.9 7.3 372997 0.5 0.4 28277

9907 254312 4.2 9.0 234313 0.7 1.9 19999

Table 6.2.: Effect of blunder detection and removal
algorithm.TheRMSiscal¬culatedfromthedifferenceofeachsinglelasergroundpointminustheheightinterpolatedinbilinearmannerfromtheLauteraargletscher1999photogrammetrydataset.Thresholdforblunderspercentagecalculationis1.7m.Thisthresholdiscalculatedas3awherea2=of+&%Aprioriaccuraciesareassumed:forlaserscanningo\=0.4m(tiltedtargetwithaninclinationof10°),andforthephotogrammetricdatasetap=0.4m.FaveyE2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurichDissNo14045
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6.2. Analysis of Laser Strip Overlaps

6.2.1. Repeatability of Laser Scanning Data Over the

Glacier Test Area

The overlap areas of adjacent laser strips were evaluated regarding repeatability.
The achieved overlap percentage is compared with the flight plan and discussed.

The laser strips on the glacier were flown with a planned overlap of 30-50%. Those

overlap areas contribute to the roll and yaw misalignment offset angle estimation

described in Section 5.3. If the misalignment angles can be successfully estimated

and corrected, the overlap areas as well as cross-overs show the repeatability of laser

scanning.

Some of the flight strips could not be navigated as planned with the desired precision.
This has mainly two reasons:

• The navigation system relies on receiving the differential GPS correction signal
broadcast either by UHF or on medium wave radio stations. Due to the

remote location of the test area, the UHF signal is not received. Even with

the medium wave signal stations,
therewereproblems.Withrepeatedlossofthedifferentialsignal,thenavigationaccuracydroppedsometimestoGPSC/Acodenavigationaccuracyof100-300m,asatthetimeofthecampaigns,selectiveavailability(SA)wasturnedon.•Strongsidewindscarrytheairplaneoffthedesiredflighttrack.Thepilotneededtoholdagainstthewindcausingtheplanetoflywithacrabangle.Thisproblemcanbeobservedlookingatthescanningstripsof1998onLau-teraargletscher(Figure6.7).Therethewindscausedthestriptobeinstantlydisplacedhorizontallybytheamountofhalfthestripwidth.Astheairplanegotintothegraspofthewind,therollanglechangedtoholdagainstthewind.The1998dataset(Figures6.7and6.8)showsthemuchrougherflightconditionsofthatyearcomparedto1999(Figures8.9and8.10).Inthefourfiguresshowingthedistributionofthestripoverlapdifferences,somemoreobservationscanbemade:•InFigures6.7and6.8,localaccumulationsofsystematicdifferencesoftheorderof1-2mcanbeobserved.Thesearelocatedatthepositions,wherethelaserstripcoverageinstantlymoved100msidewardduetostrongwindsandturbulences.Thiseffectisduetothesensitivityofthescanningmirrortodynamicforces(cf.Equation7.4andFigure7.13)•Figure8.9showsagoodcoincidenceofthetwooverlapareas.Heretheflighttrackscouldbeflownsuccessfully;nogapsoccurred.Theoverlaphasanaveragewidthof100m,whichcorrespondsto30%.Favey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.
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Figure 6.7.: Overlap analysis, difference of individual strips on Lauteraargletscher
1998. The differences 9810-9808 and 9808-9805 are plotted in color.

The grey intensity shows the coverage of the individual strips.
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Figure 6.8.: Overlap analysis, difference of individual strips on Finsteraarfirn 1998.

The differences 9814—9813 and 9813—9812 are plotted in color.

Favey E
,
2001 Investigation and Improvement of Airborne Laser Scanning Technique for Monitoring Surface Elevation Changes of

Glaciers ETH Zurich, Diss No 14045



Chapter 6 97 Results of Airborne Laser Scanning

162

655

easting [km]

3 00

2 40

1 80

1 20

0 90
0 75
0 60
0 45
0 30
015
0 00
-0 15
-0 30
-0 45
-0 60
-0 75
-0 90

-1 20

-1 80

-2 40

-3 00

Figure 6 9 Overlap analysis, difference of individual strips on Lauteraargletscher
1999 The differences 9907-9905 and 9905-9903 are plotted in color

Favey E 2001 Investigation and Improvement of Airborne Laser Scanning Technique for Monitoring Surface Elevation Changes of

Glaciers ETH Zurich Diss No 14045



Results of Airborne Laser Scanning 98 Chapter 6

157

156

o

155

154

153
651 653

easting[km]

3.00

2.40

1.80

1.20

0.90
0.75
0.60
0.45
0.30

m 0.15
o.oo

H-0.15
m -0.30
<*ém -0.45

-0.60

1 "°75
-0.90

-1.20

-1.80

-2.40

-3.00

Figure 6.10.: Overlap analysis, difference of individual strips on Finsteraarfirn 1999.

The differences 9911-9910 and 9910-9909 are plotted in color.
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• Steep terrain slope increases the effect of horizontal positioning error onto the

height difference. This can be seen in the area of Lauteraarsattel in the upper

left corner of Figure 6.9 as well as in the steep ice-fall in the lower right part

of Figure 8.10. System calibration according to Section 5.3 aids minimizing
this effect, but it does not model it entirely.

• The center strip 9910 in Figure 6.10 begins with almost 100% overlap with the

westmost strip, gradually moving into its requested path, but not reaching it

altogether. This caused a gap of 20-50 m over the firn area between the center

strip 9910 and the eastmost strip 9909.

The overlap differences are calculated by interpolating the height from one strip at

the locations of the shots of its peer. The statistics of the strip overlap analysisarelistedinTable8.3.laseroverlap#ptsRMS[m]Meanwithsign[m]Maxabs.[m]blunder1%9808-98059810-98083106571522710.780.840.04-0.1710.758.84459812-98149814-98131016561355351.212.06-0.28-0.4111.9314.8412309905-99039907-99052140301596480.540.650.010.059.048.57129910-99099911-991080911713232.140.96-1.40-0.2110.8412.9947Thresholdforblundersis1.7m.Thisthresholdiscalculatedas3trwherea2=2af.Anaprioriaccuracyisassumedforlaserscanning:a/=0.4m(tiltedtargetwithaninclinationof10°).Table6.3.:Analysisofoverlapinformation.OnLauteraargletscher,theRMSoftheoverlapareasisbelow1mfor1998and1999.Forthelatteritisontheorderoftheexpectedaccuracyaround0.6m.TheFinsteraarfirnstripsofbothyearssufferfromincreasedblunder,especiallyduetothesteepslopesandthecrevassesateitherendofthestrips.Themaximumblundermagnitudedoesnotexceed15m.6.2.2.FlightPlanandNavigationalConsiderationsThedeviationoftherealizedflightstripsfromtheplannedflighttrajectoryleadstosomethoughtsconcerningthenavigationalconditionsandtheaeronauticalimpactontolaserscanningmeasurements.Thefollowingaspectsrequirespecialattentionforlaserscannerflightsinanalpineenvironment:Favey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045
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Weather aspects: Important factors are thermal effects, wind and visibility con¬

ditions. On warm end summer days, thermal effects make a low flying height
above ground dangerous. During the 1998 laser scanning flight, rather strong

winds caused turbulences degrading the data quality, as strong accelerations

influence the mechanical rotating parts like the scanning mirror. Of course

visibility has to be clear at the flight altitude. During one mission flight, the

weather forecast promised a sunny day, but arriving in the test area, local

clouds were covering the desired trajectory. Fog or clouds between aircraft

and target area must not occur. As the method is independent of external

light sources like the sun, it could be used also during night time for flat areas.

Yet, in an alpine environment, this is not advisable.

Seasonal aspects: The end of the ablation season is a must for mass balance de¬

termination. Weather conditionsposeacertainriskonthefeasibilityofsuchmeasurements,e.g.thefirstsnowmaycomeearly,thunderstormsandstrongwindsarelikelyinfall,thetechniquecompeteswithphotogrammetryflightsrankingathigherpriority(duetostrongerweatherdependency).Thesesea¬sonalrisksarecommontobothlaserscanningandphotogrammetry.Securityaspects:Alowflyingheightabovegroundforscanningandthehighmountainsrequireatradeoff.InordertoavoidtheaeronauticalproblemsofrealizingafullcoverageofaglacierlikeUnteraargletscherbylaserscanning,therearetwopossibilities:1.Duringtheplanningphaseoftheproject,theideaofusingahelicopterwasthoughtof.Thiswouldhavetheadvantagestobeabletofollowtheflighttechnicallydifficultterraininamoreflexibleway.Theheightabovegroundcouldhavebeenkeptatanoptimumandthecoverageoftheremotecornersofthefirnareacouldhavebeenrealized.Yet,usingahelicopterbringsalongotherproblemsanddoesnotsolvesomesevereones:•Astheflyingaltitudeisratherhighandthelaserequipmentheavy,ahelicopterstrongenoughtooperateupto4000m.a.s.l.wouldbeneeded.Thisincreasesthecostfortheflight.•Thehelicopterwouldneedtobemodifiedforthelaserscanequip¬menttobefirmlymounted.TherelationoftheGPSantennatothelaserscanninghardwareframeneedstoberigidlystable.TheGPSantennaneedstobelocatedataplacewheretherotorsdonotobstructthesatellitevisibility.•Flyingataloweraltitudethanthemountainswillevenworsenthesatellitevisibility.AsshowedinSection3.3.3,thiscanleadtounus¬ablepositioningdata,thusthestriptherewouldhavetoberemea-suredwhenthesatelliteconstellationissufficient.Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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• The increased vibration's and higher flight dynamic's effect on the

scanning mirror technique would need to be studied. Scanning hard¬

ware usually includes some rotating element, which is sensitive to

acceleration and fast rotation. The flight planning needs to regard
this hardware sensitivity.

2. The ability to use a higher flying height above ground would lead to

less aerotechnical problems. The obstruction of satellite visibility by sur¬

rounding terrain is less severe. A wider swath width could be realized,
thus less scan strips would be needed to cover the same area.

On the other hand, this would require a laser scanning system with the

ability to measure up to at least 2000 m without loss of distance mea¬

surement quality. With the increasing flying height above ground, the

requirements for the accuracy of the attitude system increases as well.

Yet with the recent evolution on the laser scanning and georeferencing

market, such systems with higher
performancebecomemoreandmoreavailable.Financialaspects:Sincetheweatherdependencyrequiresthelaserscanequip¬mentandpersonneltobeonstandbyforatleasta2weeksperiod,mostcommerciallaserscanningfirmsandaircraftoperatorswilleitherchargethistimeatfullcost,ortheywillnotbereadytoconductthemeasurementsduetocommercialpressure.6.3.ComparisonofYearlyGeneratedDSMsandInterpretation6.3.1.ComputationofSurfaceElevationChangeForglaciologicalpurposes,digitalsurfacemodelsareonlyabyproductonthewaytodeterminemassbalance.Ofmuchgreaterinterestarethesurfaceelevationdiffer¬encesfromDSMsofdifferentepochs.Tobeabletobuildasurfaceelevationchangedistributionmodel,thecontributingDSMsneedtobereferencedinthesame,welldefinedcoordinateframe.Thisisthemainreason,whythephotogrammetriccontrolpointswerealwayskeptinthesamelocaldatum,asitwasestablishedwiththefirstfewpointsduringthe60's.AsthelaserscanningdatadependsentirelyontheGPSreferenceframeforpo¬sitioningpurposes,theyweretransformedtotheLV95coordinateframe,inorderforfuturecampaignstobecompatible.Thisway,theGPSreferencestationdoesnotneedtobealwaysthesameoneonacontrolpointatthetargetregionitself,whichwouldcostaconsiderableamountoftimetooccupy,astheyarenoteasilyaccessible.Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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Figure 6.11.: Temporal difference of the years 1999 minus 1998 determined from

the laser scan data. Note the zero difference at the saddle area of

Lauteraargletscher, where the cliffs are exposed. The locations of the

profiles in Figures 6 13 and 6 14 are marked as white lines and labelled

L and F, respectively.

Favey E 2001 Investigation and Improvement of Airborne Laser Scanning Technique for Monitoring Surface Elevation Changes of

Glaciers ETH Zurich Diss No 14045



Chapter 6 103 Results of Airborne Laser Scanning

652 653 654 655

easting [km]

656 657

Figure 6.12.: Temporal difference of the years 1999 minus 1998 determined from the

digital photogrammetry data. On Lauteraargletscher, the photogram-
metric dataset and the laser dataset have much of the covered area in

common.
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The final product being a surface elevation change distribution model, any system¬

atic offsets of a geodetic datum are differenced out. Thus the comparison of the

surface elevation change distribution determined by photogrammetry and the one

determined by laser scanning are free of any datum differences.

The differences of different epochs of data are built by subtracting the newer DSM

from the older one. A visual comparison of the yearly difference distributions derived fromlaserscanning(Figure6.11)withtheonederivedfromphotogrammetry(Figure8.12)showsagoodmatch.AdetailedanalysisofthedifferencesofthesurfaceelevationchangedeterminedbybothmethodsisgivenbelowinSection8.3.2.Tofurtherexaminethesurfaceelevationchangederivedfromthelaserscanningdata,twoprofilesareextracted.TheirlocationisindicatedinFigure8.11.ThefirstprofileListakenfromtheareaofLauteraarsattel(Figure8.13).Thecenteroftheprofileisthecliffarea.Onthecliffsthereisnosignificantsurfaceelevationchange.Assoonastheglacierareastarts,thesurfaceelevationchangeincreasestoabout4m.ThesecondprofileFistakenfromtheareaattheendofFinsteraarfirn,wheremanywideanddeepcrevassesdominatethetopography.ThecrevassesonFinsteraarfirnaremovingwithavelocityofabout40mperyear.Exceptforveryfewselectedobjects,thereisnotenoughtextureintheheightinordertodeduceafullhorizontalvelocityfield.Crevassesmayopenupandcloseagainovertime,thusfindingonetobeidenticaltoanotheridentifiedthepreviousyearisratherdelicate.6.3.2.ComparisonofSurfaceElevationChangeResultsfromLaserScanningandPhotogrammetryForcomparison,theDSMoflaserscanningandphotogrammetryaredoublediffer¬encedas:A/i=(/w(1999)-/iiaser(1998))-(V<to(1999)-Voto(1998))(6.1)TheresultingvalueAhisfreefromanysystematicverticalgeodeticdatumoffset.Theaccuracyofasingleestimateofsurfaceelevationchangeiscalculatedaso\=al(tnew)+Oft(£0id)(6.2)Thusforthedoubledifferencedcomparisonvalues,theaprioriaccuracycanbecalculatedas<h=2°f+H(6-3)Thefollowingaprioriaccuraciesareassumed:forlaserscanningo\=0.4m(tiltedtargetwithaninclinationof10°),andforthephotogrammetricdatasetap=0.4m.Inthiscase,theexpectedaccuracy<7AftofthedoubledifferencevaluesamountstoFavey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045
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Figure 6.14.: Profile
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dataset # pts RMS Mean with Max abs. blunder1

[m] sign [m] [m] %

all points 25461 0.99 0.10 33.58 3.5

glacier points 24896 0.74 0.07 15.89 2.7

Threshold for blunders is 2.4 m. This threshold is calculated as 3tr

where a is calculated as described in Equation 6.3.

Table 6.4.: Comparison of surface elevation change distribution of laser scanning and

photogrammetry for the region of Lauteraargletscher.

0.8 m. The statistics in Table 6.4 show a good agreement of the surface elevation

change distribution for Lauteraargletscher determined by the two totally indepen¬
dent methods.

Figure 6.15 shows the distribution of the double differences. Of course any quality

problems in the originary data propagate also into the double differences. On Lau¬

teraargletscher, the cliff areas show increased noise. The dynamical laser scanning
mirror errors also show their patterns in the figure.

The eastmostlineofStrahlegggletscherof1998hasareducedaccuracyduetoprob¬lemsintheGPSpositioningsolution.ThisshowsupasasystematicallyhighdoubledifferenceinthelowerpartofFigure6.15.Forsurfaceelevationchangecalculationstobebetterthan1m,thisstripshouldnotbeused.ThewesternstriponStrahlegg¬gletschershowsasimilardoubledifferencequalityastheLauteraargletscherdata.ThefewsparsepointsonFinsteraarfirnaredifficulttointerpret.Theyshowthedifficultyofdetermininganaveragesurfaceelevationchangeinaheavilycrevassedarea.Duetothesteepnessoftheterrain,theglacierisalsoexpectedtoflowevenfasterthanthelowerpartsoftheglacier.6.3.3.InterpretationofSurfaceElevationChangeDistributionThesurfaceelevationchangedistributiondeterminedbyremotesensingtechniquesisnotyetthemassbalancedistribution.Itservesasinputdatatoanumericalflowmodelbasedonthekinematicboundarycondition(Equation1.2).ThedatafromthisprojectservesasaninputtothemassbalancedeterminationcalculatedbyBauder(2001).Yetthesurfaceelevationchangeindicatestheway,themassbalancechangeisheading.Figure6.17plotsthesurfaceelevationchangeestimatesasafunctionofaltitudeforLauteraargletscher.Itshowstheequilibriumofsurfaceelevationchangetobeaboutat2450mabovesealevel.Thehigherareashowsasurfaceelevationincreaseofupto3-4m.Favey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045
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Figure 6.15.: Double difference of the temporal laser data analysis (Figure 6 11)
minus the temporal photogrammetric data analysis (Figure 6 12). Note

the different color scale. This reveals clearly the accuracy problems of

the eastern Strahlegggletscher strip of 1998. Note also the acceleration

problem of the western Lauteraargletscher strip already found in the

direct comparison.
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The areas of Finsteraarfirn (Figure 6 16) and Strahlegggletscher (Figure 6 18) also

show a positive trend with increasing height.
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Figure 6.16.: Surface elevation change estimates from laser scan data depicted as a

function of altitude for Finsteraarfirn (years 1998 to 1999). The red

lines are mean values calculated for each block spanning over 50 m alti¬

tude. The heavily crevassed area (cf. Figure 6 14) causes the differences

to be spread
wide.Nevertheless,apositivetrendisvisible.Theincreaseofsnowsurfaceelevationinthefirnpartscanbeexplainedwiththehighamountofsnowfallduringthewinter1998/99.Figure619showsthemeasuredsnowheightatGrimselpass,about13kmawayfromthetestareaindirectionoftheglaciertongue.Thiswinterbroughtabout3mmoresnowthanthepreviouswinter.Itwasalsostayingaboutonemonthlongerintothesummerat2100m.a.s.L,wherethedatawastaken.Theregionaldistributionontheglacier(Figures611and612)showslocalaccu¬mulationssurfaceelevationincrease.Whereversuchapatterncanbeidentifiedinshapeandcorrelatedwithacorrespondingsurfaceelevationlossinflowdirectionupwards,adistinctfeaturecanbeassumedanditshorizontalflowvelocitydeduced.AnexampleforthisistheprofileFanalyzedinFigure614.FaveyE2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurichDissNo14045
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Figure 6.17.: Surface elevation change estimates from laser scan data (above) and

from photogrammetry (below) depicted as a function of altitude for

Lauteraargletscher (years 1998 to 1999). The red lines are mean values

calculated for each block spanning over 50 m altitude. In the region
above 2800 m the data is spread wide due to an increased density of

crevasses.
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function of altitude for Strahlegggletscher (years 1998 to 1999). The
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Figure 6.19.: Snow height during the years 1998 and 1999 measured at Grimselpass,
10 km away from the glacier at an altitude of 2100 m a. s. 1. (data from

SMA-Annalen, 1999). The red line in the lower 1999 graph denotes the

maximum snow height during the year 1998. Apparently, the winter

1998/99 brought an extraordinary amount of snow staying about one

month longer into the summer than the previous spring.
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7. Validation of Laser Scanning Data

with External Information

7.1. Geodetic Datum and Swiss Projection

The GPS satellites operate in a coordinate frame commonly known as WGS84,
which was adopted as official system for GPS measurements since 1987. Though
the coordinate system has never been changed since the rise of GPS, its realization

has moved on. In January 1994, the coordinate frame was given a new realization

through the use of GPS measurements (NIMA, 2000). It was also oriented according
to the International Terrestrial Reference Frame (ITRF) 92. In September 1996,
the realization of WGS84 was again changed (now called WGS84 (G873)) as the

orientation was adjusted to fit ITRF94 with ±5 cm. Both times, also some changes
were made to the potential model (NIMA, 2000).

For a temporal analysis as done for Unteraargletscher, it is important to evaluate

all data in one well defined reference frame. This way, the temporal changes can be

attributed entirely to effects
oftheglacieritself,avoidingsystematiceffectsduetoaredefinitionofacoordinateframe.Asaglobalreferenceframe(likethevariousITRF)isaffectedbyplatetectonicmove¬ments,itsreferencecoordinatesarenotconstrainedbutsubjecttosmallchangesovertheyears.Butforatemporalanalysisoftheglacier,areferenceframeissoughtwhichisnotmoving.Switzerlandknowstwogenerationsofreferencesystems.Theolder,calledCH19031,isbasedonterrestrialtriangulationmeasurementsdatingbackaround100years.Thecoordinatesinthissystemcameaboutinhorizontalcoordinates(throughtrian¬gulation)andverticalcoordinates(levelling),twoentirelydisjunctmeasuringmeth¬ods.Additionally,intheverticalcomponent,theorthometriccorrectionhasoftenbeenneglected,thustheheightcoordinateiscalleda'practicalheight'.Whenmea¬suringtoremoteareasasUnteraargletscher,levellingcouldnotbeused,thustheheightcoordinatesinthisareacameaboutbytrigonometricheightdetermination.TherelationbetweenCH1903andWGS84hasbeendeterminedinthepastbya7parametertransformation—includingascalefactormodelingthedistortion—which1CHstandsforConfoederatioHelvetica,asynonymforSwitzerlandFavey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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fits best in the urban area of Switzerland. The use of this transformation is depre¬
cated and will be accurate only to the meter level, due to distortions in the historical

CH1903 (LV03) frame (Marti and Egger, 1999). Yet the photogrammetric control

points are known only with coordinates corresponding to this frame.

WGS84 (1984) 1-2 m

7 parameter
transformation

CH1903 (LV03)

Swiss projection

projection coord.

WGS84 (1994)

i[dm] (adjustment of WGS84 to ITRS)

ETRF93

[dm] (movement of eurasian plate)

CHTRF95

global frames

=
Swiss datum

3 translation parameters

same orientation, scale

CH1903+ (LV95)

Swiss projection

projection coord.

Figure 7.1.: Overview over the geodetic datum transformations, (after Marti and

Egger (1999))

The new Swiss reference system is called CH1903+. Its frame (LV95) was realized

using GPS measurements resulting in an unconstrained network covering Switzer¬
land.Itsrelationtoglobalreferencesystemsiswelldefinedbythreetranslationalparametersonly.Therelationtoorthometricheightsisdeterminedfromgeoidun¬dulations,knownonthecentimeterlevel(Marti,1997).Figure7.1givesanoverviewoftherelationsbetweenthedifferentcoordinatesystems.DealingwithGPSmeasurements,areferenceframe,whichcameaboutinatrulythreedimensionalmanner,suchasaGPSnetwork,ismuchmoredesirable.Dif¬ferentialGPScanbedoneintwodifferentmanners,assumingthatthereferencecoordinatesareknownintheSwissdatum:1.ThereferencecoordinatesareknowninCH1903,withpracticalheights.Theyaretransformedusing7parametersintoWGS84(œmaccuracy)whereinthedifferentialGPSevaluationisdone.SubsequentlytheresultingcoordinatesaretransformedbackintoCH1903withthesame7parametertranslation.FaveyE,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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651 652 653 654 655 656 657 658 659 660 661 662 663 664

easting [km]

Figure 7.2.: Geoid undulations for the area of Unteraargletscher in the CH1903+

reference system (calculated from data by Marti, 1997). The contour

interval is 0.05 m. The contour labels are given in meter. The undulation

at Unteraargletscher spans from 2.25 m at Lauteraarsattel to 2.6 m at

the Finsteraarfirn.
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For local campaigns with baselines of less than 10 km length, this may lead

to satisfactory results. For longer baselines, systematic errors due to the im¬

perfect modeling of the network distortion by the 7 parameter transformation

degrade the overall accuracy significantly.

2. The reference coordinates are known in CH1903+, with orthometric heights
and their respective geoid undulation. They are transformed using 3 trans-

lational parameters into CHTRF95, wherein the differential GPS evaluation

is done. Subsequently the resulting coordinates are transformed back into

CH1903+. This approach can be used also with long baselines, as no accuracy

degradation is introduced by the coordinate transformation process.

For the laser scanning campaigns, baselines of 15-40 km had to be used. Thus

the GPS evaluation was done entirely in CHTRF95, and subsequently transformed

to CH1903+. Most important reference points—whose coordinates are known in

CH1903—can easily be redetermined in CH1903+ by measuring them using GPS

in conjunction with a reference station known in the CH1903+ frame. Using the

coordinate sets of identical points in both systems, the relation between photogram-

metrically determined DSMs and the laser DSM can be established, and the two

products can be compared.

Figure 7.3.: Occupation of tripod 102 next to control point 3010 with a dual fre¬

quency GPS receiver.
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In the case of Unteraargletscher, this was done on three tripods permanently in¬

stalled on the encompassing cliffs (Figure 7.3). They had been used to measure

the ground control points for photogrammetry by theodolite, and are still used as

reference points for tracking markers on the glacier itself (Guömundsson, 1999b).
Their coordinates are known in the system CH1903 at the decimeter level. Table

point ID + CH1903+

point ID CH1903

difference CH1903+ minus CH1903

easting northing height

104 + 660046.32 157922.94 2386.07

104 660046.29 157923.17 2385.48

0.03
-0.230.59102+657201.42158503.712427.66102657201.36158504.002426.960.06-0.290.70105+656010.51155256.972630.61105656010.46155257.372630.080.05-0.400.53Table7.1.:PointsdeterminedinCH1903andCH1903+.7.1shows,howwellthetwogeodeticdatafit.Asexpected,thedifferencesareontheorderofonemeter.Theaccuracyofthevaluescannotbebetterthanaboutonedecimeter,astheCH1903coordinates'accuracyisknowntobeonthatorder.Fromtheseresults,thelocaltranslationalparametersfortheareaofUnteraargletscheraredefinedwith5cmresolutionasfollows:/-^chi903+\/-E'CHigoaX/0.05\^VCH1903+=^CH1903+-0.30(7.1)\#CH1903+/\#CH1903/\0.60/7.2.ComparisonofLaserDSMwithGPSDerivedGroundPointHeightInformation7.2.1.ComparisonwithGPSDerivedGroundPointHeightsToverifytheperformanceofthetotallaserscanningsystem,thesensororientationtechniquesdescribedinthepreviouschaptersisappliedtolaserscannerdataontwolinesflowninoppositedirectionovertherunwayinDübendorf(Switzerland).ThetopographyoftherunwaywasmeasuredterrestriallyusingGPSmountedonacaranddrivingupanddowntherunway.Favey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045
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The quality of the kinematic GPS reference height measurements was affected by

multipath, and is on the order of 0.05 m. The primary reference station for both,
the airborne as well as the ground trajectories was the permanent GPS station

located on the roof of an ETHZ building, located at about 10 km away from the

Dübendorf airport. A secondary reference station located on an airport taxi
waywasusedasreferenceforthegroundtrajectory.Thissecondarystation'spositionwasdeterminedusingastaticbaselineevaluationreferencedtoETHZ.ForthecomparisoninTable7.2,thelaserscanningheightwascalculatedbyinter¬polatingitatthelocationofeachGPSmeasurementspotusingtheweightedmeaninterpolationdescribedinSection5.4.AcomparisonofthegroundGPSheightswiththeonesderivedfromairbornelaseraltimetryyieldsasystematicoffsetofaround0.09min1998,resp.0.18min1999(Table7.2).differenceh,gpsh\3#ofptsRMSmeanstddev|max|westward1998(line31)17660.37-0.100.365.41eastward1998(line32)18560.35-0.070.345.00westward1999(line27)27600.28-0.160.223.50eastward1999(line28)27050.24-0.200.122.29Table7.2.:StatisticsofcomparisonoflaserDSMwithGPSderivedgroundheights.Theflyingheightabovegroundwasaround500m.Figure7.4showsthedifferenceofthelaserdatainterpolatedontotheGPSgroundtracks.100-100-100*'"«****$**,600800100012001400[m](flightdirection:-»)100E0fe-S^^Siîviiî-l!^!?*«^«'*^^^-1600800100012001400[m](flightdirection:<-)16001800160018000.50.0meter-0.5Figure7.4.:Differencesofgroundandairbornederivedheightsatthepositionsofthegroundreceivers'locations.Theplottedpointvaluesarehgps—h\aserof1998.AccordingtotheresultsinTable7.2,onecanexpecttheabsoluteaccuracyoftheairbornelaserscanningdatatobeontheorderof0.3m,aslongasthereflectanceFavey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.
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intensity is strong enough.

7.2.2. Repeatability of Laser Scanning Data

The repeatability of scanned height determination can be studied on one hand by

comparing the resulting DSM of the same region from different strips of the same

flight, on the other hand by comparing the results from different flights, in our case

one year apart from each other.

Figure 7.5 shows the repeatability result of the year 1998. The differences of the two

scan strips of 1999 as well as the temporal difference of the DSM from both years

is shown in Figure 7.8. The laser scan data was gridded to a regular grid with 5 m

spacing using the weighted mean interpolation technique described in Section 5.4.

The self-calibration technique described in Section 5.3 was applied to estimate the

roll and pitch boresight misalignment angles before the final DSM was calculated.

Due to the flat terrain, the yaw misalignment angle could not be determined.

In Figures 7.5 and 7.8, some interesting observations can be made:

• The coupling ofthesignaltonoiseratiowiththereflectedlaserintensityisclearlyvisibleonthedark,newlypavedpartsoftherunway(Figure7.5).TheRMSwhencalculatedrestrictedtothisregionrisestoabout15m.•Theinstant(e.g.duringtheverysameflight)repeatabilityoftheheightmea¬surementsisgood.TheRMSofthedifferenceofthetwoscanlinesflownduringthesameflightis0.37mfor1998and0.11mfor1999.Theworseresultfor1998isclearlyduetotheincreasedblunderattheendoftherunway.Ifthecomparisonisrestrictedtotheareaeastof690800measting,theRMSdropsto0.12m,whichisequivalenttotheresultof1999.•ThetemporaldifferenceoftheDSM1999minustheDSM1998(BottomofFigure7.6)showasystematicpositiveeffectinthelawnsurroundingtherun¬way.Attheeasternend,rectangularshapesofdifferencesontheorderof1metercanbedetected.Thetemporalcomparisonshowstheeffectofdifferentvegetationstandsprevailingduringtherespectiveflightday.7.2.3.IncreasedBlunderProbabilityWithLessReflectedSignalIntensityTofurtheranalyzetheblunderinthe1998data,theinterpolationwasdonereversely.Foreachlasershot,thecorrespondingheightwasinterpolatedfromthecoarselyavailableGPSgroundheights.TheresultingheightdifferenceisplottedinFigure7.7againstthereflectedsignalintensityvalues.Theyrangefrom0to8191,whichcorrespondstotherangefrom—83to—31.5dB(Hug,1996).Favey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045



V
a
l
i
d
a
t
i
o
n
w
i
t
h
E
x
t
e
r
n
a
l
I
n
f
o
r
m
a
t
i
o
n

1
2
0

C
h
a
p
t
e
r

7

-
C
-
h
(
D
C
I
/
)
-
h
>
>

£
(
D
-
h
^

C
D

!

o
O

O
O

o
o

o
o

o
o

o

o
o

O
o

o
o

o
o

o
o

o
m

o
m

o
m

o
m

o
m

o
m

C
D

C
D
m

m
t
f

t
f

C
O

C
O

C
N

C
N

*
—

O
)

t
o
c
e
C
D

[W>|]
ßUILUJOU

[W>|]
ßUILUJOU

F
i
g
u
r
e

7.5.:
L
a
s
e
r

intensity
plot

(left)
a
n
d

d
i
f
f
e
r
e
n
c
e
s

o
f
t
h
e
t
w
o

l
a
s
e
r

s
c
a
n

lines'

overlap:
w
e
s
t
w
a
r
d

m
i
n
u
s

e
a
s
t
w
a
r
d

(right);
(Scale

1
:
2
5

000).
N
o
t
e

t
h
e

e
f
f
e
c
t

o
f
l
o
w

r
e
f
l
e
c
t
a
n
c
e

intensity
a
t
t
h
e

first
5
0
0
m

a
t
t
h
e
w
e
s
t
e
n
d

o
f

t
h
e
r
u
n
w
a
y

(dark
region

i
n
t
h
e

left
plot),

t
h
a
t
w
a
s

a
s
p
h
a
l
t
e
d

just
t
h
e

m
o
n
t
h

b
e
f
o
r
e
t
h
e

flight.

F
a
v
e
y

E
2
0
0
1

I
n
v
e
s
t
i
g
a
t
i
o
n
a
n
d
I
m
p
r
o
v
e
m
e
n
t

o
f
A
i
r
b
o
r
n
e
L
a
s
e
r
S
c
a
n
n
i
n
g
T
e
c
h
n
i
q
u
e

f
o
r
M
o
n
i
t
o
r
i
n
g

SurfaceElevationChangesofGlaciersETHZurichDissNo14045



C
h
a
p
t
e
r

7
1
2
1

V
a
l
i
d
a
t
i
o
n
w
i
t
h
E
x
t
e
r
n
a
l
I
n
f
o
r
m
a
t
i
o
n

£
(
D
-
h
^

C
D

!

OoC
O

oC
N

oC
O

o
o
m
o
m
o
m
o
m
o
m
o
m
o

o

C
N

C
T
>
I
^
C
D
-
<
t
C
O
T
-
O
T
-
C
O
-
<
t
C
D
r
^
C
T
)

C
N

t
^
Ö
Ö
Ö
Ö
Ö
Ö
Ö
Ö
Ö
Ö
Ö
Ö
Ö

t
^

oC
O

o<
f
r

C
N

ooC
O

1f

#
1

M
a
i

4
l
«
l

C
N

oC
N

C
O

C
T
)

C
D

C
N

C
T
)

C
D

O
)

t
o
C
O
C
D

oC
T
)

C
D

[w>|]
ß
i
n
i
n
j
o
u

[lU>|]
ßUjLjlJOU

F
i
g
u
r
e

7.6.:
D
i
f
f
e
r
e
n
c
e
s

o
f
t
h
e
t
w
o

l
a
s
e
r
s
c
a
n

lines'
overlap

(1999):
e
a
s
t
-
w
e
s
t
m
i
n
u
s

w
e
s
t
-
e
a
s
t

(left)
a
n
d

t
e
m
p
o
r
a
l

d
i
f
f
e
r
e
n
c
e

o
f
t
h
e

y
e
a
r
s

1
9
9
9
m
i
n
u
s

1
9
9
8

(right);
(Scale

1
:
2
5

000).
Apparently,

t
h
e

b
l
a
c
k
t
a
r
m
a
c

t
h
a
t
w
a
s

a
s
¬

p
h
a
l
t
e
d

i
n
1
9
9
8
d
o
e
s
n
o
t
s
h
o
w

t
h
e

intensity
problems inthe1999data.Inthetemporaldifferenceplot,severalobservationscanbemade:theproblemsof1998ofcourseabideinthedifference;attheeasternend,thefieldsprobablyhavedifferentcrop,andthegrassheightnexttotherunwaywasaswelldifferent.FaveyE2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurichDissNo 14045



Validation with External Information 122 Chapter 7

2000 3000

intensity

4000 5000

2000 3000 4000

intensity

5000

6000

6000

Figure 7.7.: Height difference of single laser shot height minus interpolated GPS

height. This plot shows all available data for one scan strip: between

— 13.5—1.8 as well as between 3.5-13.1 m there are no data points what¬

soever.

Favey E 2001 Investigation and Improvement of Airborne Laser Scanning Technique for Monitoring Surface Elevation Changes of

Glaciers ETH Zurich Diss No 14045
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Obviously, all blunder occurring in this strip is of the magnitude of a multiple of

the short modulation wavelength of 15 m. The smaller the reflected intensity gets,

the higher is the percentage of blunder (Figure 7.8). Some more detailed statistics

are given in Table 7.3.

1000 2000 3000 4000

intensity

5000 6000

Figure 7.8.: Ratio of blunder vs. total count of measurements divided into intensity
bins of width 100.

This is a natural consequence of the c/w distance measurement technique (Hug,
1996). The phase resolution of the 150 m wavelength decreases with decreasing reflectedsignalstrength.Iftheresolutionofthelongerwavelengthexceedsthehighermodulationfrequency'slongestunambiguousrangei?max(Equation2.7),thedeterminationofthephasepositionisnolongerwarranted.Theshorterwavelengthambiguitycanonlybedeterminedcorrectly,ifwhere-fiAl2^r<Tthelongerwavelength'sphaseerrorduetomeasurementnoise.(7.2)Ai,A2:longandshortwavelengthsofthemodulationfrequencies,respectively.Thisproblemoftheambiguitydeterminationisuniquetothec/wmethodanddoesnotoccur,ifthelaserdistancemeasurementisdonewithapulsedlasersystem.Ifthedatawouldbefilteredwithanintensitythresholdof3100,then89%oftheblunderwouldbefilteredoutalongwithabout8%ofdatawithcorrectlyresolvedambiguities.Thecharacteristicsofthisspecialblunderdistributionledtotheblun¬derremovaltechniquesdescribedinSection2.2.4.Objectslikehouses,trees,orcrevasses(intheglaciercase)cancausesurfaceheightstructureofexactlytheblundermagnitude.BlunderdetectioncanalsobecoupledFavey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045
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data subset #of stddev mean min max

pts [m] [m] [m] [m]
7 m < dh 1504 0.53 14.89 13.25 17.20

—7m < dh < 7m 98302 0.30 0.14 -1.52 3.18

dh < —7m 14 0.36 -14.50 -15.05 -13.90

subset with

intensity

percentage blunder in

of total data % of subset

<3100

>3100

9.3% 14.5%

90.7% 0.2%

Table 7.3.: Statistical information for the comparison depicted in Figure 7.7. The

top table shows the data divided into subsets by height difference, the

bottom table shows the data divided by an intensity threshold. The

exact wavelength of the modulation frequency is 14.985 m. Thus the

data subsets identify clearly the blunder to be a wrong ambiguity fixing
of the short modulation wavelength occurring mainly at low reflectance

intensity (cf. Figure 7.8).

with object detection and removal, yet it is virtually impossible to keep blunders

and true objects of small size apart.

7.2.4.ConclusionsofRunwayResultsThelaserscanningdataoftheyears1998and1999flownat500movertherunwayoftheDübendorfairportwerecomparedwithheightsdeterminedonthegroundusingkinematicDGPS.Thetwostripsflowneachyearwerecomparedwithitscounterpartofthesameyear.TheresultingDSMofbothyearswerealsocompared.Thefollowingconclusionscanbedrawnfromthesecomparisons:•Thedataneedtobefilteredandblunderduetowrongambiguityfixingneedstoberemoved.•Therepeatabilityduringthesameflightisatthelevelofthelaserscannerdistancemeasurementaccuracyof15cm.•Theabsoluteheightaccuracy(iftheGPSgroundmeasurementsaretakenas'truth')isasexpectedontheorderof30cm(foraflatterrain).Noconclusionisdrawnforthehorizontalcomponent'saccuracy.•Atemporalanalysisofmeasurementsflownindifferentyearsandconclusionsthereofarepossiblewithsub-meteraccuracy.Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo
14045



Chapter 7 125 Validation with External Information

• The final result can be biased by a constant offset due to various reasons dis¬

cussed in the previous chapters. These are e.g. lever arm error, GPS antenna

phase center uncertainty, tropospheric mismodeling, or a remaining laser dis¬

tance bias. It should be noted that especially the first two reasons hold true

also for the ground GPS measurements.

7.3. Comparison of Laser DSM with DSMs

Derived from Photogrammetry

7.3.1. Description of Available Photogrammetric DSM Data

Aerial photographs of the Unteraargletscher are taken every year at the end of the

ablation season. The exact dates of the photo missions are listed in Table 7.4. The

photographs of 1998 of Lauteraargletscher were measured manually with a Wild

AC1 analytical plotter for comparison reasons. Based on previous experiences of

using digital photogrammetry
onglaciers(Baltsaviasetal.,1996),theperformanceofthreeselecteddigitalphotogrammetricsystems(Match-T,LHSDPW770,andVirtuoZo)werecomparedwiththemanualresults.ForadetailedanalysisofthematchingresultsseeFaveyetal.(2000).Ontheotherhand,both,themanuallyandthedigitallygeneratedDSMswereusedasanindependentreferenceforcomparingthelaserscanningdatainasmallselectedarea.Fortheyear1999,thephotographswereevaluatedusingtheDPW770digitalpho¬togrammetricsystem.ThatDSMwasalsocomparedtothe1999resultsofairbornelaserscanning.yearphotoflightlaserflight1998Sept.9Aug.261999Sept.8Sep.1Table7.4.:Thedatesofdataacquisition.MostofthecontrolpointsintheupperpartoftheglacierwereestablishedinAugust1997.Theexistingsparsesetofcontrolpointswasdensifiedandextendedwithadditionalpoints(Meinck,1998).Figure7.3showsanexampleofsuchacontrolpoint.Theyweremeasuredwiththeodoliteandadjustedinaconstrainednetwork,whereoldcontrolpointsdatingbacktothe1960swereheldfixed.Theheightaccuracyofthecontrolpointsisontheorderof0.1m;thehorizontalaccuracyisontheorderof0.15m.The1998datasetconsistsofsixB/WimagesformingastripandcoveringtheLau¬teraargletscher(Figure7.9).TheusedRC30camerahadafocallengthof152mmandtheaverageimagescalewas1:13000.Theoverlapwasca.60%fortheinnerFavey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.
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Figure 7.9.: Location of stereo models of the 1998 photogrammetric evaluation on

Lauteraargletscher. The black numbers adjacent to the glacier label the

contour lines. The green numbers denote the stereo model number.
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Gradient Z computed from an interpolated 50 m regular grid with Sobel.

Reference data for whole area (DSM), glacieronly(GLAC),mountaincliffsonly(CLIF).Table7.5.:Somedataaboutthephotogrammetricdataset.modelsand80%forthetwoouterones(0099and9392).Table7.5showsthechar¬acteristicsoftheterrainwithlargeheightrangeandsteepslopesformostmodels.Model0099and9997wereattheupperglacierpartwheremoretexturelesssnowandiceareasexist.Amanualdataset(seeTable7.5)wasmeasuredataWildAC1analyticalplotter.Thisconsistsofaregulargridof50mspacing.Theestimatedaccuracyofthemeasurementswas20and40cmfortheinnerandoutermodelsre¬spectively.Foreachmodelapolygoncoveringthemeasuredareawasdefined.Thesepolygonswerealsodividedinareascoveringonlytheglacierandtheremainingone(mainlysteepmountaincliffs,partlywithshadows).Thiswasimportantasforthecomparisononlytheglacierwasimportant.The1998and1999imageswerescannedwith14micronsataZeissSCAI.ThedigitalimageswerenotfurtherpreprocessedanddirectlyusedforthedigitalDSMgenerationwiththeDPW770system.ThecontrolandtiepointstobeusedinthedigitalevaluationweremeasuredandadjustedwithORIMAataDPW770system.26signalizedpointsmeasuredwiththeodoliteandanaccuracyof1dmwereavail¬ableonLauteraargletscher.About70tiepointspermodelweremeasuredmanually.ThedigitalDSMsweregeneratedbasedontheexperiencesofthedigitalevalua¬tionsconductedwithvariousdigitalsystems.The1999imageswerenotevaluatedmanually.ThedigitalimagesofbothyearswereevaluatedfortheentireglacierexceptFinster-aarfirnandStrahlegggletscher.Thoseareascouldnotbeevaluatedphotogrammet-rically.InthecaseofStrahlegggletschertherearenoappropriateimagesavailable.FortheareaofFinsteraarfirn,nocontrolpointswereeverestablishedduetothedifficulttopography.Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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7.3.2. Comparison of the 1998 Data

To be able to compare the two datasets, the height of the laser scanner data was

interpolated from its unevenly distributed points at the location of the photogram-
metric grid point. The interpolation was done using the weighted mean approach

(Section 5.4) using a correlation length e = 3 m and an exponent n = 2. Table

7.8 shows a statistical analysis of the comparison with the manual reference dataset

with 50 m grid spacing, as well as with the 10 m grid of the DPW 770 solution.

For comparison,
thelaserdatawastransformedtotheSwissprojectionsystem(CH1903+),thegeoidundulationwassubtracted,andtheoffsettranslationaccord¬ingtoSection7.1wasapplied.Flightplanningforthelaserscanningstripswasdoneforthefirnareasoftheglacier.Thisledtoaheightabovegroundof600mand1100minthestereomodels0099and9392respectively.Thereceivedlasersignalpowerat1100mflyingheightabovegroundwasatthelimitofS/Nratio.Thusanincreasedblunderfrequencywastobeexpected,duetothelowreflectanceintensityespeciallyinthelowermodels9392upto9795.Themainportionofthisblundercouldbesuccessfullydetectedandeliminated(cf.Section8.1).ThevaluesinTable7.6werecalculatedwiththealreadycleanedversionofthelaserscannerdata.ComparisonwithManualPhotogrammetry.Acomparisonwithmanualphotogrammetricmeasurementswasmadeboth,onapermodelbasisaswellasallpointstogether(Table7.8).Figure7.10showsthedistributionofthedifferencephotogrammetryDSMminuslaserDSM.Thesignedmeanvaluesofthedifferencetothesinglemodelsshowabiasontheorderof0.6m.Thesourceofthisbiascouldnotbeidentifiedwithcertainty.Apossiblesourceisaremainingoffsetduetotheweakdeterminationofthelocalglacierdatum,asthereferencecoordinatesthatweremeasuredbytheodolitedohaveanunclearhistory.Forabetteranalysisofthelaserdataquality,asecondsetoflaserdatawascalcu¬latedwiththeadditionalheightbiasofthelocaldatumsubtracted.Thusthetotaltranslationappliedwas(£"0111903+\/Eyaw\I0.05\^Vchi903+=AW+-0.30(7.3)#CH1903+/\HvawJ\1.20/Figure7.11showsthedistributionofthedifferencesafterthisalternatetranslationwasapplied.Table7.6liststhestatisticsofbothversions.TheupperhalfofTable7.6showstheresultsoftheversion,wherethetranslationofEquation7.1wasapplied.Inthelowerhalf,thetranslationofEquation7.3wasused.Thefollowingobservationscanbemade:Favey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045
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Figure 7.10.: Difference distribution of manual photogrammetry minus laser DSMs

for 1998. This graph shows the strong negative systematic offset.
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Figure 7.11.: Difference distribution of manual photogrammetry minus laser heights
for 1998. The data used for this plot consists of the laser data minus

the additional systematic offset of 0.6 m.
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• The maximum absolute deviation is on the order of the smaller laser wave¬

length indicating that not all of the laser blunder could be removed by the

technique described in Section 2.2.4. A detailed analysis of the performance of

this method is given in Section 6.1.2. Note that the maximum difference does

not exceed 20 m in the comparison with the manual photogrammetric data.

• In the comparison with model 9997, the maximum absolute deviation drops
from 15 to 4 m, when the cliff area is not part of the statistics. Apparently,
most of the undetected blunder occurs in the steep cliff areas. The statistics

restricted to the glacier area show a strong decrease of the RMS as well as the

blunder percentages.

• In the area of model 9392, only a few laser points were measured. This is where thelaserdistancemeasurementswereatthelimitofthepossiblemeasuringrange.Thelaserscannerwasalwaysalreadyturnedonearlieronthestrip.Thusthisareacontainsthefirstreceivedsignalswithahighblunderrate.•Thesecondversion'scomparisonrestrictedtotheglacierareashowsanRMSbelow1mforthemodels0099,9997,and9795.Inthelowertwomodels,remainingblundercauseaworseresult.LookingattheRMSvalues,oneshouldkeepinmind,thatthesecontaintheerrorcomponentsofboth,thelaserscanningtechnique,aswellasthephotogrammetrymethod.Bothmethodsareentirelyindependentofeachother,witheachhavingitsownerrorbudget.Thisincludesexteriororientation,innerorientation,leverarm,GPSandattitudeerrorsandthenoiseofthelaserdistancemeasurements.ComparisonwithDigitalPhotogrammetry.Thedatasetfromdigitalphotogrammetrywasavailableasa10mgrid.Figure7.12thusgivesamuchfinerdistributionofthedifferences.TheabsolutemaximumdifferenceinTable7.8amountstoabout40minthecaseofdigitalphotogrammetry,whichisduetoproblemsofthephotogrammetricmatchingalgorithm(Faveyetal.,2000).TheRMSontheglacieramountsto1.2mforthewholecomparison.Thelaserscanning'scontributiontothisratherhighRMSvalueareerrorsfromthedynamicsensitivityofthescanningmirror'sinclination.AccordingtoHug(1996),thisincli¬nationanglecandeviateupto0.1°duetodynamicforcesontothescanningmirror.Themaximalerrorinducedontothegroundpointpositionforaninclinationangledeviationof0.1°iscalculatedas:dxf=2.46•10"3•rdxf=3.38•10"3•r(7.4)dxf=0.84•10"3•rFavey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045
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Figure 7 12 Difference distribution of digital photogrammetry minus laser heights
for 1998 Increased noisy differences can be found m the uppermost

kilometer at the upper left corner as well as along the steep cliff areas

Most of the remaining glacier area shows smoother differences with

systematic effects related to the laser scan pattern
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where r is the slant laser range. This shows, that even on a flat terrain, acceleration

effects due to strong turbulences can produce an error of almost 1 m
.

Figure 7.13 describes the flight conditions prevailing throughout the 1998 laser scan

flight. Yet this day was the only slot during a two week's period, when the weather

conditions allowed to conduct measurement flights in the mountains.
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Figure 7.13.: INS acceleration data of the laser strip 9810 (the westmost Lauteraar-

strip of 1998). The maximumaccelerationsonthisstriprangefrom—7.3to7.2ms~2.Strongwindscausedheavyturbulenceswhileflyingwithinthemountains.AssoonastheplanewasovertheGrindelwaldarea,whereallmountainsaremorethan1kmbelowflightaltitude,theturbulencesceasedimmediately(fromsecond24690onwards).7.3.3.Comparisonofthe1999DataThecomparisonofthe1999laserdatawasundertakenthesamewayasfor1998.ThetwoupperlinesofTable7.7werecalculatedwiththetranslationalparametersofEquation7.1,showingthesamesystematicoffsetasthecomparisonstatisticsof1998.ThestatisticsofthetwobottomlineswerethuscalculatedusingEquation7.3.The1999datasetobviouslysufferlessfromblunder.Restrictingthecomparisontotheglacierareaonly,showsagoodRMSresult.TheRMSofthedifferencesisontheorderof0.6m,eventhoughalsointhisdataset,notallofthe15mblunder—duetotheproblemdescribedinSection7.2.3—couldberemoved.Thiscorrespondstothetheoreticalaccuracyexpected.Itiscalculatedasaaf+a\(7.5)Favey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045
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Mean with

sign [m]

Max abs.

[m]

blunder1

%

DPW 770 all 33723 1.26 -0.63 32.39 3

DPW 770 glac 32306 0.90 -0.60 17.14 2

DPW 7702 all 33723 1.10 -0.03 31.79 3

DPW 7702 glac 32306 0.67 0.0 16.54 2

Threshold for blunders is 1.7 m. This threshold is calculated as 3tr

where a2 = of + a2. A priori accuracies are assumed: for laser scan¬

ning oi = 0.4 m (tilted target with an inclination of 10°), and for the

photogrammetric dataset ov = 0.4 m.

For this second version, the heuristically determined additional system¬
atic offset of 0.6 m between the laser and the photogrammetric solution

was subtracted from the laser points.

Table
7.7.:

Comparisonoflaserdataandthephotogrammetricdatasetof1999.wherea:theoreticalaccuracytobeachievedbyevaluatingdifferences.Usingthevaluesdescribedbelow,wegeta=0.56m.o\:aprioriaccuracyofairbornelaserscanning,calculatedafterEquation2.27.UsingalsoEquation2.24andinsertingaterrainslopeof10°,oiissetto0.4map:aprioriaccuracyofphotogrammetryatthecurrentimagescale,asdescribedinSection7.3.1.Thisvalueissettoap=0.4m.ThedifferencedistributiondepictedinFigure7.14showssystematiceffectsinalaserstripspecificpattern.Thesepatternsarerelatedtothedifferinglaserpointdensityatcenterlineandatthestripperiphery(cf.Figure5.3).Thecliffareasareconfirmedtobeproblematicasalreadyseeninthe1998compari¬son.Yet,the1999datadoesnotshowtheflightdynamicalproblemsthatdominatethe1998laserdataset.7.3.4.ConclusionsofComparisonwithPhotogrammetryFromthecomparisonoftheacquiredairbornelaserscanningdatawithtwopho¬togrammetricDSMsof1998and1999,thefollowingthoughtsevolve:•TheRMSresultingfromthedifferencesisinanabsolutesense,i.e.itcontainstheerrorsandnoiseofbothmethods.•ThegeodeticdatumtransformationdescribedinSection7.1doesnotfullymodelthesystematicoffsetobservedbetweenphotogrammetryandlaserscan¬ning.AdetailedanalysisofthecoordinatehistoryoftheoldcontrolpointsFavey,E.,2001.InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciers.ETHZurich,Diss.No.14045
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Figure 7.14.: Difference distribution of digital photogrammetry minus laser heights
for 1999.
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would be needed, as well as the remeasurement of the entire control point
network within the LV95 coordinate frame. Yet, for a temporal analysis as

described in Section 8.3, this relation is not needed to be known.

• The comparison results of 1998 were worse than expected due to problems
with the flight dynamical sensitivity of the scanning mirror.

• Some 15 m blunder remains undetected, mainly in the cliff areas.

• The RMS for 1999 of 0.6 m meets accuracy expectations.

• Cliff areas pose problems to both methods. The laser scanning method has

an increased a due to the greater horizontal uncertainty propagating into the

height accuracy, as the surface slope increases.

• For the laser scanner, system calibration is more complicated and has a much

stronger influence on the accuracy. On the other hand with photogrammetry,

processing of the data takes more time, is more complicated and needs more

specialized hardware (film development, scanner, digital photogrammetric sys¬

tem).

• Since photogrammetric film cameras usually do not have INS, ground control

points,
whicharedifficultandcostlytoestablishandmaintain,especiallyinmountainousregions,areneeded.Mostofthepreviouslymentioneddisadvan¬tageswillhoweverdisappearwithdigitalphotogrammetriccamerascurrentlyenteringthemarket.YetsystemcalibrationanddependencyonGPSandINSaccuracywillthenshowsimilarcomplicationsandinfluencesaswithlaserscanning.Whilecomparingphotogrammetryandlaserscanning,onehastokeepinmind,thattheglacierisaconstantlychangingtarget.IntheregionofLauteraargletscher,ithasflowvelocitiesamountingtoover40mperyear(GuömundssonandBauder,1999),whichismorethan1dmperday.Forthe15daysdifferencein1998betweenthelaserdatameasurementsandthedate,whenthephotographsweretaken,thehorizontaldisplacementoftheglacierthusamountstoabout1.6m.Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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8. Summary and Conclusion

8.1. Conclusions

Airborne laser scanning is a powerful tool for the determination of digital surface

models and surface elevation change distribution of glaciers. It can be used without

any ground control points which are difficult to establish and maintain in a remote

alpine environment. The estimates of surface elevation changes are needed with

an accuracy of about 0.3-0.5 m to serve as input data for numerical flow models

and mass balance determination (Guömundsson and Bauder, 1999). Since surface

roughnesses are on the same order, a better accuracy DSM will hardly result in

better estimates of changes in surface altitude.

This work assesses the feasibility of determining the surface elevation change using
airborne laser scanning. In cooperation with the Institute of Navigation, University
of Stuttgart, their ScaLARS laser scanning system was installed on board the aircraft

of the Swiss Federal Office of Topography. It was integrated with a georeferencing
system,composedofhigh-precisionkinematicGPSpositioningandanattitudede¬terminationsystem.MeasurementswererealizedusingtheUnteraargletscherastestarea.Thekeyproblemconsistsinbringingtogetherallnecessaryelementsforgeoreferenc¬ingthelaserdata,wherethequalityofeachcontributingparthastobemonitoredregardingaccuracyandsystematiceffects.Eachoftheelementsinthebasicequationofgeoreferencingwasindividuallyscrutinized.Improvementstomitigateidentifiederrorswereproposedandsuccessfullyapplied.Thereareseveralobstaclesinusingthetechniqueforglaciologicalpurposes.Alowflying-heightabovegroundimposesaeronauticaldifficulties.Measuringinamountainousenvironmentdependsongoodweatherconditionstoamuchgreaterextentthaninurbanprojects.TheGPSsatellitevisibilityisoftenreducedduetoobstructionbythetopography.Theseareproblemstypicaltoamountainousenvironment.Thelaserscanningsystemoperateswiththecontinuouswavetechnique,modulatingthelaserlightwithtwofrequencies.Asthesemodulationfrequenciesareusedforthedistancemeasurements,theirambiguitiesneedtobesolvedinordertoobtainacorrectgroundheight.Whenthereflectedsignalintensityislow,theprobabilityFavey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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increases that the ambiguity is resolved to a wrong integer. This problem was

successfully addressed using a blunder detection algorithm.

The laser scanning mirror showed to be sensitive to aircraft accelerations originating
from turbulent flight dynamics. This effect degraded the 1998 dataset along with a

reduced GPS satellite visibility due to obstruction. The 1999 dataset did not show

these problems.

The generation of digital surface models was successfully completed. The digital
surface models of the firn parts of Unteraargletscher derived from the airborne laser

scanning measurements of the years 1998 and 1999 were used to estimate the surface

elevation change distribution of these areas. The accuracy of the surface elevation

change distribution achieved amounts to 0.5 m.

Comparisons with various sources of ground truth were made to study the overall

performance of the laser scanningsystemingeneral,andspecificallyfortheglacio-logicalapplication.Thesecomparisonsapprovedtheoveralllaserscanningsystemtobeperformingwithinthepostulatedspecification.LaserscanningmeasurementsoverarunwayyieldedarepeatabilityRMSof0.15m.TheRMSofthecomparisonwithknowngroundheightswas0.3m.ComparisonswithphotogrammetricDSMsoftheglacierareashowedanRMSof0.6m,givenfavorableflightconditionsandgoodsatellitevisibility.Theareascoveredbyairbornelaserscanningarelocatedbetween2500and3400mabovesealevel.Fortheperiod1998-1999,asurfaceelevationincreaseof2-4mwasmeasured.Thispositivechangewasrelatedtotheimmenseamountofsnowfallduringthewinter98/99.ThequalityofthefinalDSMsandtheirtemporalanalysisdependontheperfor¬manceofeachsubsystemcontributingtothegeoreferencingofthelaserscanningdata.Thefollowingmainconclusionsaredrawnforeachelementindividually:Laserscanningsystem:Itsperformancewasanalyzedandanapproachforde¬tectingandremovingblunderwasimplemented.Thereceivedpowerdepen¬dencyoftheblunderoccurringinstepsof15misuniquetothecontinuouswavetechniqueusedfordistancemeasurementsbytheScaLARSsystem.Apulsedlasersystem'saccuracydependsthesamewayonthesignaltonoiseratioofthereceivedsignal,butitwillnotshowthisstepwisebehavior.Thesestepsarethereasonfortheblunderinthelaserscanningdata.Theeffectofthewrongdistancemeasurementscouldsuccessfullybemitigated.Thesensitivityofthescanningmirrortothedynamicbehavioroftheaircraftmustbetakenintoaccountbychoosingsmoothflightconditions.Thismeansthatwindandturbulenceconditionsareasmuchtoberegardedinflightplanningasotherweatheraspectslikevisibility,cloudsandfog.Attitudesolution:Theattitudesolutionwasrealizedusinganinertialmeasure¬mentunit.AseparateattitudesolutionwithloweraccuracyusingaGPSFavey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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multi-antenna array was sucessfully developed and used to control and correct

IMU drift and offset errors. The combination of the GPS and the INS attitude

shows an accuracy of 0.03°. The attitude solution revealed to be sensitive to

vibration effects. The error effects can be diminished, provided the inertial

system can be placed as close to the scanning unit as possible, and the entire

frame can be shielded against vibrations.

The short term variations in the INS angle error behavior would require mod¬

ifications to the angle calculation software of the manufacturer, which was not

available as source code. Yet the impact of these errors remaining unmodeled

by the offset and drift estimation approach is rather small.

The main impact of an incorrect attitude solution is a degraded horizontal ac¬

curacy of 1 m or more. This affects the height solution
mainlyonatopographywithsteepslopessuchasthecliffssurroundingtheglacier.Byusinganbetterinertialsystemhardware,thisaccuracycanbeimproved.Asystemwithbet¬teraccuracyfigureswastestedbySkaloud(1999),whofoundtheorientationaccuracyofhissystemtobebetterbyoneorderofmagnitude.KinematicGPSpositioning:High-precisionGPSpositioninginkinematicmodewasappliedforthetrajectorysolution.Thekeyproblemhereistheabilityoffixingthecarrierphaseambiguities.Thisabilitydecreaseswithincreasedbaselinelengthandheightdifferencerelativetothereferencestation.Errorsourceslikecycleslips,troposphericrefraction,interference,multipath,andantennaphasecentervariationswereidentifiedandappropriatelycorrected.Eachcycleslipintroducesanewunknownambiguityrenderingaweakerde-terminability.Toomanyunknownambiguitiesthatspanjustoverashortamountoftimedegradethepositioningsolution,asthenumberofunsolvedambiguitiesincreases.ThelossoftheGPSsatellitesignalscannotbecorrectedinpostprocessing.Careneedstobetakennottoloosethecarrierphaselockduringturnsbetweenthestrips.Theobstructionpotentialofthetopographyintheproximityofthetargetareaneedstobecarefullyconsideredduringtheflightplanning.Introducingpathdelayvaluesfroma4D-tropospheremodeldoesnotappeartohelpresolvemoreambiguities.Theimprovementbygettingalessbiasedheightresultcomparedtousingastandardatmospheremodelisneverthelessconsiderable.RadioFrequencyInterference(RFI)threatensairbornelaserscanningandtheuseofGPSforprecisepositioningingeneralwithintheproximityofradiostations.Thelocationsofsuchinterferingstationsmustbetakenintoaccountfortheflightplanning.TheharmfulinfluenceofRFIontoGPSmeasurementsisaseriousissuenotonlylimitedtodirectgeoreferencing.IfGPSistobeusedforairborneprecisenavigation(Scaramuzza,1998),theRFIproblemneedstobesolved,inparticular.Thishoweverisratherapolitical,thanatechnicalproblem,asthefrequencieswouldneedtobereservedforpositioninguseonly.Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo

14045



Summary and Conclusion 142 Chapter 8

The existing software approach for kinematic GPS positioning was extended

to provide the vectors of the GPS multi-antenna array needed for attitude

solution. As the baselines are short, usually all ambiguities can be solved

without problem.

Inner orientation: The elements of inner orientation were determined and applied.
A self-calibration procedure for determining boresight misalignment angles
was elaborated. The misalignment angles were found to remain stable for the

duration of the entire flight.

In summary, it can be stated that airborne laser scanning for surface elevation

change detection is a feasible method complementing the photogrammetric ap¬

proach.Photographs have the advantage, that they can additionally be used to

measure horizontal velocities, using images of different years. Laser scanning is

advantageous when used for areas without ground control points or textureless firn

areas.

8.2. Recommendations

Ongoing research
inDGPStrajectorydeterminationwillhaveamajorimpactontothegeoreferencingofairbornelaserscannerdata.Attentionshouldbegiventoatmosphericmodeling,multipathandantennaphasecentervariationsofanantennamountedonaconductingsurface,andambiguitydeterminationimprovementsoverlongerbaselinesbyusingINSdata.Real-timeambiguityresolutiontechniquescouldhelpidentifybadsequencesofdataalreadyduringthemeasurementflightandintroducetheabilitytoreactuponthose.Theproblemtousingsuchmethodsisthereceptionofthedifferentialcorrectionsignalduringtheflight.TheASCOTnavigationsystemusedfortherealizationofthelaserscanflightsisequippedwithadifferentialsignalreceiver.Duringthelaserscanningflightoverthetargetarea,thedifferentialsignalwasrepeatedlylostwhichleadtoproblemsnavigatingthestripsasplanned.Alternativestothein-flightcalibrationoftheorientationmisalignmentanglesshouldbeinvestigated,asthecalibrationapproachesfromthelaserscanningdatasufferfromerroreffectsbyotherhardwareparts,suchasthesensitivityofthescanningmirrortoflightdynamics.Inordertokeeptheseerroreffectsisolatedfromeachother,themisalignmentanglesshouldbedeterminedwithinastaticmode.Ontheotherhand,thesensitivityofthescanningsystemtoflightdynamicsshouldbeinvestigatedandmodeled.Thescanningmirroritselfhasbeenobservedtoproduceanoscillationoftheanglemeasurementsontheorderof0.01-0.02°.Thiscouplinganditseffectontothelaserbeamdirectionshouldbefurtherstudiedforthespecificsystemused.Favey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo
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Chapter 8 143 Summary and Conclusion

The DSMs acquired in the years 1998 and 1999 may serve for comparisons with

future DSMs of the Unteraargletscher. To derive surface elevation changes, a future

DSM needs to be georeferenced in the same geodetic datum.
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A. Rotational Issues

A.l. Approximation of the Derivation of a

Rotation Matrix

A rotation is split up into its composing elementary rotations:

R = R3($3)R2($2)R1($1)

with

(a.i;

ai
(1 0 0 \

0 cos $i sin $i

v0 — sintfi cos^iy

Ri

/cos §2 0 — sin $9\

0 1 0

y sin #2 0 cos #2 y

A3

Linearized for ^ —>• di9t, this becomes

with

Ii

and therefore

'0 0 (T

0 0 1

,0 -1 0,

Ä, « (I + I, • dtft

'o o -r

ooo

.10 0

o 1 oN

-10 0

ooo,

i=i

R(dû) = fiRt(dA) ~I + ^Il-d'dl = I + Q

i=i

where i? is the skew symmetric matrix:

3
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If Ro is a rotation with approximate angles -do, so that Ä($o + d'à) is linearized as

RoR(d,â), and if k is an arbitrary vector, we can say

R(-âo + d-â)k « Ro(I+f2)k = R^k + R^Qk

= R0k + R0Kdtf (A.7)

with

K = I k30-A4 ] (A.É

0 -h k2
k30-h

-k2 h 0

Thus the derivation of the rotation of the vector A($o + d&jk is approximated by
the derivation of its linearization as given in Equation A.7:

d(Rk)
d'à

RoK (A.9)
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B. Refraction

B.l. Influence of refraction onto laser beam

The refraction index n of visible and infrared light can be expressed as (Barrel and

Sears, 1939):

* = („-!)• 10» = JV„*«-5 i^e (B.l)v ; G
T 1013.25 T

l ;

where NG = (nG - 1) • 106 = 287.604 + 3^ß + 5-°"°136
A2 A4

and

NG

A

T

V

e

group refraction number at 0°C and 1013.25 mbar.

laser wavelength \ßva\
atmospheric temperature at the laser site in Kelvin [K].
atmospheric pressure at the laser site [mbar].
water vapor pressure at the laser site [mbar].

For T, p, and e we
usevaluesofastandardatmospheremodelledasafunctionoftheheighth:T(h)=T0+7/i+273.16(B.2)hp(h)=poehp(B-3)e(h)=e010"^fc(B.4)withT0=15°Catsealevel,7=—6.5•103oC/m,p0=1023.25mbaratsealevel,Hp=8000m,e0=17mbaratsealevel,andHe=4500m.Thus,forahorizontaldistancemeasurement(withno=indexataltitudeofcali¬brationmeasurements)weget:s+As=/n0dh=n0s(B-5)JoFavey,E,2001InvestigationandImprovementofAirborneLaserScanningTechniqueforMonitoringSurfaceElevationChangesofGlaciersETHZurich,DissNo14045
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For a vertical range, as with the laser measurement in our case from the aircraft

to the ground, we use a linear approximation of n(h) (na = index at altitude of

aircraft, ng = index at altitude of glacier ground point):

As n(h)dh
o

na + nü
s

n„ n„
hdh

na + nü
-h'

(B.6)
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Figure B.I.: Refraction number TV as a function of altitude h for a standard atmo¬

sphere
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