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ABSTRACT

The developmentof public-domainsoftware in the scienti c communityhasstimulateda fastand free dissemination
of ideas. Herewe presentatestcontributionsto public-domainradarinterferometrysoftwareto createinterferometric
productsandto analyzeandvisualizetheseproducts We presenthefeasibility of the Doris radarinterferometricsoftware
of Delft University of Technologyto createENVISAT interferometricproductssuchasDEMs anddeformatiormaps.A
stepwisedescriptionof the creationof an ENVISAT DEM of the Las Vegasareais presentedusing besidedDoris the
ESA BEAM toolbox, the statisticalcostphaseunwrappelSNAPHU (StanfordUniversity), the GenericMapping Tools
(University of Hawaii), andthe PROJ.4packagqUSGS).Finally, the GRASSGIS softwareis usedto drapea LandSAT
imageon top of thecomputedDEM in orderto shav the analysisandvisualizationcapabilitiesof this free GIS package.
Thesepackagesirealsodescribedrie y in this paper Both advantagesiswell asdrawvbacksof thesetoolsarediscussed.
It is theintentionof this paperto demonstratéow a largerscienti c communitycanbene t from freely availabletools,
andwhich contributionsneedto be solicitedfor.

1 INTRODUCTION

The Delft object-orientedradarinterferometricSoftwarepackagéeDoris” is beendevelopedn the C++ sinceSeptember
1998[5] [6]. In 1999,it wasmadeavailablein the public domainto stimulatejoint developmentandto take advantage
of feedbackby a larger usercommunity The availability of technicalpublic domainsoftwareis importantfor a fast
acceptancandintegrationof atechniquen otherdisciplines,enablingscientistdo gainexperiencewith new techniques
atlow cost.Currently mary scientistsfrom variousresearclgroupsareusingDoris andqueryingthe Doris website[[17].
Thesepeoplearememberf a usergroupthatautomaticallyrecevesnoticeof new releasesndwho canaskandanswer
guestiongrom otherusers.Thesequestionandanswersarearchivedusingafreeyahoogroupemailaccoun{[13], which
senesasasearchabl&AQ (list of frequentlyaslked questions).

Public domainsoftwareis generallydistributed “as is”, and“any expressor implied warranties,including, but not
limited to, the implied warrantiesof merchantabilityand tness for a particularpurposeare disclaimed”. Installation
of public domainsoftwareis not always straightforward, mainly dueto differencesn con gurationsof users(different
platform architecturesnd corventions,compilers,etc.). A disadwantageof public domainsoftware versuscommercial
softwaremay thusbe the lack of reliable support,concerningnstallation,running,anddocumentation However, com-
mercialsoftwarealsodoesnot alwaysrun smoothlyandit is for auseralmostimpossibleto repair, or evento gaininsight
in the problems. Sincepublic domainsoftwareis often free of chaige, it is often quickly updatedafter a report of a
problem.But the main advantageof the softwarediscussedhereis the availability of the sourcecode,andthuscomplete
opennessf implementatiordetailsandthe possibility of adaptingt to onesneeds.

Doris is free for researchpurposesand hasbeeninstalledon virtually all existing platforms. The GNU compiler
suite[20Q] is usedasdefault compiler, which is availableon mostplatforms. Beforeinstallationa con gure scriptis run
that gures out compilerand platform speci cs (mainly big or small endian). Also, dedicatedibraries are usedwhen
available(the public domainFFTW library for Fouriertransformation$§15], LAPACK for Cholesk decompositionand
on HP systemsthe commercialVECLIB library for fastmatrix multiplications). If theselibrariesarenot available,an
internalimplementationis used. Thememory(RAM) usageof Doris canbe setwith theinput le. Theusermanualand
technicaldocumentatioris extensie (over 100 pages)andapproximately20% of the sourcecodearecommentsA test
datasetcanbe downloadedo getfamiliarwith the software.

The basicinterferometrictaskscomputedwith Doris are describedn sectiond During this processingthe basic
information (heightor displacementjs extractedfrom the phasedatain theinput SingleLook Complec (SLC) images.
Doris integratesother dedicatedpublic domain) programswhere possible,particularly for the phaseunwrapping,see
sectiorZ Furtheranalysisandvisualizationof theresultsis thenperformedusingPR0J.4,GMT, andGRASS,which
is describedn sectiongd anddl Finally, sectiorfd concludeswith a review of the mainadvantagegnddisadwantage®f
the public domainsoftwaredescribedn this paper



2 INSAR PROCESSING

Doris is capableof performingmostcommonradarinterferometricprocessingstepsin a modularsetup. The following
sub-sectionslescribethesemodules. In orderto demonstratéhe capabilitiesof the software suite, we computea full-
scenénterferogramandcorrespondin@@EM from ENVISAT ASAR dataonalaptop. Thetotal processingime wasabout
1 hour, with a 900 MHz processoandapproximatelyl00 MB of RAM available. The operatingsystemwasWindows
XP, while Cygwinwasusedasashell. Cygwinis a Linux-lik e environmentfor Windows. Most Cygwintoolsarereleased
undertheGPL (GNU GeneraPublicLicensej.e.,freesoftware,[20]), or arein thepublicdomain.Installationof Cygwin
is extremelystraightforwardusinga setupscriptdirectly underwindows, see[[11].

2.1 Doris' philosophy

Doris' philosophyis to usesimpleformatde nitions, andasinglemainprogramthatkeepsrackof the processingThere
are3 small ASCII les thatareusedto storerelevant parameter®n the masterimage, the slave, andon the products.
Eachprocessingtepcanreadandwrite to theseles, updatingthemwith the latestavailableresults.Typical parameters
arefor examplethenameof abinarydata le andthe numberof linesit containsthe Dopplercentroidfrequeng, orbital
datapoints,etc. Thedataproductshemselesarestoredin simplebinarydatastreamgi.e., les), withoutaheader

Doris usesotherpublic domainsoftwareto performdedicatedasksthatcanbe handledwell by theseprograms.This
includesgetorb to obtain preciseorbital datarecordsfor the ERS satellites[8] [17], SNAPHU for phaseunwrapping
[24], GMT for generalplotting and gridding [1S], PROJ.4for coordinatetransformationgl2€], and GRASSGIS for
powerful analysisanddatafusionwith otherlayersof information[21]. Furthermoreit canhandlethe publicly available
GTOPO30globalheightmodelof the USGSto removethetopographigphasd2?], or the GLOBE DEMs [[1§]. Although
theresolutionof this DEM is ratherlimited, in the nearfuturethe SRTM DEMs shouldbecomeavailablefor (almost)the
whole earth[2g].

A shell script hasbeenwritten that generatesemplatecon guration les andcanbe usedto run Doris. For each
step,the outputcanbe automaticallyvisualizedby generatingSUNrastemuicklook les of the intermediateproducts.
Therealsois a quicklook processingoption build in the shell script that performsan automatedprocessingo quickly
obtain a lower quality interferogramand coherencémage. The speed-upcomesfrom skipping ltering steps,using
large multilooking factors,and usingsimpleinterpolationkernels. Peoplenot usedto the UNIX ervironmentcanhave
a disadantagerunningthe Doris softwareat start(andthe otherdescribecpublic domainsoftware). But the conceptof
usingASCII input les anda pipelineof programsnsteadof agraphicaluserinterface(GUI) is quite powerful, andwith
the provideddocumentatiomndexamplesit is easyto apply.

2.2 Readingthe ASAR parameters

Doris wasoriginally written to handleERS SLC data. Adding an optionto Doris to be ableto procesdatafrom a new
satellitemainly meansaddingthe ability to reada new dataformat, sincethe othermodulesarenot affected. For exam-
ple, for ENVISAT, the datais no longerdistributedin the CEOSformat, aswasusedfor the ERS and JERSsatellites.
Neverthelessthemainprocessingtepso createtheinterferogramarehardly affected,aslong asthe dataandthe param-
eterscanbereadfrom the CD-ROM in the distributedformat. The numberof parametersequiredfor interferometryis
small, but they still needto be readfrom the distributeddataformats. For this purpose ESA hasmadethe BasicERS &
Envisat (A)ATSR andMeris Toolbox (BEAM) freely available,see[14], makingthe taskof adaptingthe softwarea lot
simpler With thelibrary functionsin thistoolbox,a simplestand-along@rogramreadsall availableinformationfrom the
ASAR SLCdistributed le, anddumpsit to atemporaryASCIl le. SimpleUNIX commandsrethenusedto extractthe
parametershatarerequired,andto write themto the Doris parameterle in the correctformatandunits. Thereading,
extractingandcorvertingthe parametersnly takesa few second®f CPUtime.

Detailson the processedcenesanbe foundin tabledllandl2 The temporalbaselines only 35 days,resultingin
minimal temporaldecorrelatiorfor this dry area.Theinterferometricamplitudeof the scends shavn in Fig. 2 (top left).
The ity of Las Vegasis locatedat the bottomof this image , whereaghe top part consistsof mountains.The maximum
topographidifferencein the scends about3000meter seealsoFig. &

2.3 Cropping (ASAR) data to hard disk

Using the ESA BEAM toolbox, we implementeda programthatis ableto readthe datain the distributed format, and
writesanareaof interestto harddisk. This programis includedin the Doris distribution. We readandwrite the dataper
line to keeptheimplementatiorsimpleandmemoryrequirementsow. In Doris a systemcall is madeto this stand-alone



Tablel: Imageparameterfor theprocessedhastemandslave ASAR SLC. Theseparameterarereadfrom the ENVISAT
data le usingasmallprogramwritten with thefreely availableESA BEAM library.

Image parameter Master Slave
Framenumber 12 11
Orbit number 4418 3917
Acquisitiondate 03-AN-2003 29-NOV-2002
Acquisitiontime [UTC] 17:52 17:52
Numberof lines 26894 26894
Numberof rangepixels 5195 5195
Dopplercentroidfrequeng [Hz] 230 185

Table2: Productparameterfor theinterferogramMost of theseparametertiave beencomputedoy Doris.

Product parameter value
Scenedenti cation LasVegas
Scenesize[km?] 100 100
Scenecenterlongitude[deg] -115.007
Scenecenteratitude[deg] 36.4614
Perpendiculabaselindm] 100.9
Parallelbaselingm] -14.7
Heightambiguity[m] 81.4
Temporalbaselindd] -35

program. The only requiremenfor this to work is that the executableprogramis in the searchpath. The (wall clock)
time requiredby this programwasabout7 minutesfor afull sceng650MB of complex shortintegerdata,includingbyte
swapping),performedfor the masterandslave image.

2.4 Coregistration

Maybethe mostimportantstepin interferometryis thealignmentof the slave onthe masteiimage. Thedeterminatiorof
the coreggistrationpolynomialthatdescribeshetransformatiorof the slave to the masteiis performedn 4 stepsin Doris.

Firstthe orbital dataof masterandslave areusedto computea singlecoarseoffseton pixel level betweermasterand
slave image. The estimatefor this offsetis thenimproved usinga crosscorrelationperformedon the intensity dataof
masterandslave on a small numberof relatively large patches.The initial offsetis takenfrom the previous computed
coarseoffsetbasedon the orbits. In thethird step,the ne corggistration the offsetvectorsbetweemmasterandslave are
computecat alarge numberof small patcheg64 by 64 pixels),alsousinga crosscorrelationof theintensitydata. Fig. [l
shavs the computedffsetvectorsat thesepatcheswhich projectthe slave imageon top of the master Only vectorsare
plottedthathave a correlationlargerthan0.4. Above theimage,an overview of the estimatedffsetsis givenin atable.
GMT is usedto plot thesedata. This plot is generatedby Doris, while optionallythe magnitudeof the masterimagecan
be usedasbackground.

Finally, whenwe have obtainedtheseoffsetsat a numberof positionsin the image,a thresholdis chosento select
patcheghatcontainusefulinformation,anda 2D-polynomialof degree2 (by default)is tted throughtheseoffsetvectors.
A leastsquarest weightedby the coherencés used.In generalnotall selectedffsetvectorst well within the model.
We usea manualor automatedterative procesgo improve the estimationof the transformatiorpolynomial. Eachtime
afterapolynomialis tted, we candetectoutliersandexcludethemfrom anext polynomial t. This givesalargecontrol
to the user who cancheckthe corggistrationin a detailedmanner Plotsof the leastsquaregesiduals(2D vectorplot,
histogramsandanxy-plot) arealsogeneratedutomaticallyby Doris. The maximumleastsquaresesidualwasabout0.2
pixelsfor this datasetand selectedbffset vectors(computedoffset versusmodel). Using the estimatecbolynomial, the
slave imageis resampledo the mastergrid. We accountfor the Dopplercentroidfrequeng of the slave image,andcan
useseveralinterpolatiorkernels rangingfrom nearesheighborto cubiccorvolution,to a 16 pointtruncatedsinc. Default
we usea 6 point cubic corvolution kernel,see[d]. The actualresamplings by far the mosttime-consumingprocedure,
about24 minutesof CPUtime in this case.Theoutputformatwaschoserto be4 byte oat values makingthesizeof the
data le aboutl.3GB.
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Figurel: Offsetvectorsbetweermasterandslave imagecomputedvith Doris andplottedwith the GMT. Thisis standard
outputduringthe coregistrationwith Doris.

2.5 Spectral Itering

Spectralltering in rangeandazimuthcanoptionallybeappliedto increasehe signalto noiseratio. For theazimuth Iter
the non-overlappingspectrumis removed basedon the given Dopplercentroidfrequenciegreadfrom the annotationof
the SLC data,seesectiorfZd). Therange ltering caneitherbe performedbasedon the orbital data(thusdisregarding
local terrainslopesdueto topography)or the non-overlappingspectrumcanbelocally estimatedafterresamplingof the
slave image. For this demonstratiorwe did not apply ary spectral ltering, mainly becausave expectedonly a very
smallamountof decorellatiordueto the smallperpendiculatandtemporal)baselineandthe smalldifferencen Doppler
centroidfrequenciegtablel).

2.6 Interfer ogram generation

Theinterferograms computedusinga multilook factorof 5 in azimuthand1 in range.lt is simply thedot productof the
masterand comple conjugatedslave, i.e., it containsthe productof the amplitudesandthe differenceof the phaseof
masterand(aligned)slave. The phasedifferencecontainsnformationon topographypossibledeformation andpossibly
atmosphere.Thimterferograngeneratiortook lessthan2 minutes.

Theinterferometricphases correctedor the phaseof areferencebody. In this casethe WGS84ellipsoid wasused
to computethereferencgphaseput anexternalDEM canalsobe usedasinputin Doris. This DEM couldbein avariety
of input formats,but it mustbe on a regulargrid in the WGS84datum. The referencephasecorrectednterferogramis
multilookedagain,now by afactorof 4 in bothdirections.Thepixel sizeof the productis thusabout80 by 80 meters.The
multilooking reduceghe sizeof the data les considerablyandalsoreduceamemoryrequirementgor the unwrapping.
Fig.2 shows the quicklook outputof Doris for the correctedphase.

Doris canalso computethe coherencamage, that can be usedasinput for the cost function computationsn the
unwrappingprogram. Phaseltering canbe appliedusing differentmethods. We normally usea simple pre-de ned
spatialaveragingkernel,but optionally 2D cornvolution kernelscanbereadfrom ASCII input les, or the Goldstein Iter
canbeused[3], [l. In this casewe did not performphaseltering becaus®f thealreadyhigh coherencef thesedata.



Figure2: Overview of interferometricprocessingvith Doris. Theinterferometricamplitudeand phaseare shovn (top
panels)aswell astheir overlay (bottomleft). The phaseas correctedor thereferencgphaseof the WGS84ellipsoid. The
unwrappedhases shavn in the bottomright panel. Theseimagesare automaticallygeneratedyy Doris. Original data
arecopyright of ESA.

2.7 Phaseunwrapping with SNAPHU

The SNAPHU phaseunwrappingsoftwareis describedn [Z]. It standsfor Statistical-CostNetwork-Flow Algorithm
for PhaseUnwrapping. It is a modern,sophisticateghaseunwrappingprogramthat usesinformationon the expected
smoothnessf the unwrappedohase andcanusethe interferometricamplitudeand/orcoherencémageto computethe
costfunctions. |t is calledfully automaticallyfrom within Doris whenit is installedon the system.The RAM useagef
SNAPHU cannotbecontrolledby Doris, exceptby usinglargermultilooking factors thusreducingthe dimensionf the
interferogram SNAPHU canbe found at the internetpagesof the Stanforduniversity, [[27]. Fig.[ shavs the unwrapped
phasein the bottomright. SNAPHU took 7 minutesof wall clock time to unwraptheinterferogranof size1297 1310
pixels.

2.8 Phaseto height conversion and geo-referencing

The unwrappedbhaseis corvertedto a height,andthe (azimuth,range)coordinatesare geo-referencedT he algorithm
describedn [[9] wasusedfor the phaseto heightcorversion,andtook about5 secondsTwo otherimplementationgan
alsobeusedto performthis step.Thegeo-referencingpok aboutl minute,andwasdoneby constrainingeachpixel to the
previously computecheight,to be perpendiculato the masterorbit, andto be attherangegivenby its rangecoordinate.

The outputof this stepis the heightfor a large numberof pixels at anirregular grid of (longitude,latitude) pairs,
whichin itself is notthatuseful. Theseoutputmatriceshowever aregriddedusingthe GMT tools, while with PROJ.4we
canperformcoordinateransformationso obtainthe DEM in the desiredgridding andcoordinatesystem.Alternatively,
GRASScan performthe gridding. Note that also otherimages,suchas the coherencemage, are thus automatically
geo-referenceih this way.
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Figure3: DEM (shadedelief) of the Las Vegasareacomputedwith Doris andotherpublic domaintools. The datagaps
in high-reliefareasarecausedy shadaev.

3 COORDINATE TRANSFORMATIONS AND GRIDDING

The PROJ.4packagd2§] is a “CartographicProjectiondibrary” that canperformrespectie forward andinversetrans-
formationof cartographiadatato or from Cartesiardatawith a wide rangeof selectablgrojectionfunctions,including
datumtranslationslt hasbeenoriginally written by GeraldEvenderthenof the USGS.It is well documentecndcanbe
usedto transformthegeo-referencedutputof Doristo ary desiredprojection,suchasUTM. An examplescriptfor these
transformationss includedin the Doris distribution.

TheGMT softwareis asetof toolsto handlef x,y,zg data,implementecasUNIX Iters. Eachprogramperformsaspeci c
task,suchascreatinga vectorplot, or to performgridding. The outputof eachprogramis eithera processediata le or
a postscriptplot. The concepiof applyingprogramson outputof previous programsmakesthe GMT extremely e xible,
particularlyin combinationwith standardJNIX commandsGMT is extremelywell documentedwith a“TechnicalRef-
erenceandCookbook”,the “GMT Tutorial”, andthe“GMT UNIX manpages” which areall availableonline. GMT is
freesoftware,releasedinderthe GNU GeneraPublicLicense.Seealso[[19] and[I(]. The GMT softwarecanbe usedto
createpostscripiplotsof theoutputof Doris, but alsofor datainterpolationandgridding. Scriptsfor griddingareincluded
with Doris, but the GMT canbe usedfor anendleswariety of analysispurposes.

An exampleof the nal outputof Dorisis givenin Fig.[8, wheretheDEM is griddedin UTM coordinatesFor compar
isonwe plot thecomputedDEM next to a high precisionreferenceDEM obtainedwith SRTM, seeFig.E Thedifference
betweerboth DEMs appeargo be smallon visualinspection shaving at leastthatno signi cant errorsoccurredduring
the processingvith Doris.

4 GRASSGIS DATA ANALYSIS

TheGeographidResourcesnalysisSupportSystem(GRASS)[IZ1]) canbeusedaftergeo-referencingf theendproduct.
In this way, thecomputedDEM or deformationmapis alayerin ageographidénformationsystemandcanbe combined
with otherlayers,suchasground-truthdata. GRASSis anopensource FreeSoftware GeographicalnformationSystem
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Figure 4: High quality USGS DEM. Original horizontal resolutionis 25 meter This gure was createdusing the
shadedemprogramof the GermanSpaceAgeng (notin thepublicdomain).

(GIS) with raster topologicalvector imageprocessingand graphicsproductionfunctionality that operateson various
platformsthrougha graphicaluserinterfaceandshellin X-Windows. GRASSis releasedinderthe GNU GeneralPublic
License(GPL).

GRASSoffersasetof toolsfor DEM or deformatiormapanalysidik e calculationsof surfaceparameterge.g.,slope,
aspectandcurvature),andallows to performmoredetailedanalysidike o wliles andtheir densitieswatershedtalcula-
tion, and o w tracing. Thelatestversionof GRASSincludesnviz, amodulefor viewing datasurfacesn threedimensions
with the ability to visualizemultiple raster vector, andsite les at onetime, with the additionof volumedata. GRASS,
like otherGIS systemshasthe ability to performspatialanalysisof datafrom differentsourcesandstoredin different
formats.GRASScanreadawide variety of dataformatssincetheimport functionis supportedy thegdallibrary [[1€].

For this work, a GRASSinstallationon a Linux-PCwasused(2GHz processqr512MB RAM). Thef x,y,zg topographic
datafrom Doriswas rst corvertedto ASCII vectorsusingcpx ddle, agenericutility distributedwith Doris. Thisdatawas
importedin GRASS,andtheninterpolatedto a regular grid using splinewith tensionfunction [[7]. After interpolation,
selectedfunctionalsof the surface parametersvere calculated,speci cally slope,aspect, o wlines and their density
Additionaly, for dataanalysisandvisualizationpurposesthe Landsadatawereimported.We usedthe Landsaigeocoded
compositionarchive from 1990which s freely availablefor the largestpartof theworld, se€[l25]. The dataarestoredin
compressedrSid format. The freely availabledecoderfrom Lizard Tech[i24] hasbeenusedfor extractionof the data
for ourareaof interestandsavedin GeoTiff format. Landsadatawereappliedfor 3D visualizationof theinterferometric
DEM. Fig.BandFig.d shov examplesof the GRASScapabilities.

5 CONCLUSIONS

Radarinterferometryusingfreely available software hasmaturedto a stagein which datafrom differentsensorsanbe
routinely processedo interferometricproducts. It is demonstratedhat Doris is capableof handlingthe dataformat of
ERSandENVISAT ASAR. Togethewith otherpublic domaintools—for phaseunwrapping coordinateransformation
anddatagridding—aDEM in UTM coordinatehiasbeencomputedor thelLasVegasarea.The e xibility of thesoftware
wasshown by performingthe computation®n a 900MHz laptopwith approximatelyLOOMB of availableRAM, running
onaMS Windows operatingsystem.Thetotal processindime wasapproximatelyl hour.



Figure5: Screenshotf GRASS.A watershedhanalysisis madefrom the outputof Doris. For visualization,a LandSAT
imagehasbeendrapedoverthe computecdDEM.

Figure6: Perspectie view of theLasVegasareacreatedvith GRASS(nviz program)vasedninterferometricallyderived
heightsanda LandSAT image.



A large scienti ¢ usercommunitycantake advantageof the developedsoftware,andfrom the otherdescribedools,
which allows themto performtheir researctwith ENVISAT datain a convenientmanner

Not includedin thedescribedsoftwareis the SAR processingi.e., thefocussingof theraw radardatato SLC images
(which is the input to the Doris software). This may be overcomeby the recentreleaseof the JPL ROI_PAC software
in the publicdomain[23] (atleastfor ERS).Also lackingis a genericmulti-platformtool for interactive visualizationof
interferometrigproducts. Herewe mayalsobene t of thereleasedGX software[23].

Furthermoreit hasnotyetbeeninvestigatedvhatthedistributionformatis for the SRTM DEMs, nor how to interface
corvenientlywith this hugedatasetfor topographicphasecorrection(or to useit to aid unwrapping,computeterrain
correctedcoherencegeo-referenceleformationmaps,etc.). For this step(referencephasecomputationusinga DEM),
the currentalgorithmis not very ef ciently programmedandthe computationgake a long time. It is alsolimited to the
usageof DEMsin theWGS84datum,in aregulargrid, while mostpeoplemayhave ahighaccurag DEM of their areaof
interestin somelocaldatum.The PROJ.4softwarein combinatiorwith the GMT canbeusedto circumwentthis problem,
but a standardsolutionis not providedby the Doris software.

A possibledravbackof includingseveral public domainpackageo performdifferenttasksmaybedifferentphiloso-
phiesof differentauthors.For example,it is not possibleto controlmemoryusageof the SNAPHU softwarefrom within
Doris. In generahowever, mostusersnowadayswill have a powerful computeravailable.

Furtherimprovementso the describedsoftwarethat are consideredare an interfaceto RadarSA dataformat, and
moduleto enablethe subtractiorof anavailablereferencedeformationmodel.
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