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Abstract. With the releaseof the open-sourceGIS GRASS5.0 in early 1999,
opportunitiesarepresentedfor integrationwith theopen-source

�
statisticaldata

analysisprogrammingenvironment.After reviewing thesetwo softwaresystems,
an example is given of the advantagesyielded by the complementingof GIS
techniqueswith modernstatisticalanalysis.Theexampleshows how GTOPO30
digital elevation models,with a resolutionof 30 seconds,may be subjectedto
geomorphometricanalysis;the dataaretaken from the Kosovo region. In these
examples,

�
is run interactively within theGRASS5.0 environment,transfering

databy writing andreadingtext files; theoperatingsystemis Linux.

1 Introduction

Developmentof theleadingOpenSourceGIS— GRASS— hasbeenmovedto Baylor
University in Texas,wherework on a new releaseincorporatingfloating-pointraster
cell valuesandNULL valuesdifferentfrom zerois now in betatesting.In parallelwith
this, the � statisticalanddataanalysislanguage,alsoOpenSource,is maturingvery
rapidly, andcannow executemost � and ��������� � codein an unmodifiedform. In the
past,when � was available on academiclicense,integrationbetweenGRASSand �
existedin a loose-coupledform for integerrastercell valuessampledat pointsgivenin
a sitelayer.

The issuesinvolved in linking two complex and fast-changingprogramenviron-
mentsarepresentedin a comprehensive way, with particularreferenceto the spatial
analysisof datastoredin the chosenGIS. While the progressreportedin this paper
is basedon OpenSourceUnix-like operatingsystems,begununderNetBSD1.3, and
concludedunderLinux 2.0.36(RedHat5.2),it is worth notingthatbothGRASSand �
have beencompiledfor MS Windowssystems.A third softwarepackageusedfor data
integrationhereis GenericMappingTools(GMT).

In work to date,the interfaceusedis that of the statisticalanalysissystem,run
from within theGIS environment.Givenmajordesigndifferencesin memorymanage-
ment— GRASSusesthe underlyingfile system,while � mapsall active objectsinto
memorymanagedby a garbagecollector— andotherproblems,it hasbeennecessary
to decideon a representationsuiting the dataanalysisand visualizationtasksbeing
performed.This meansherethat thestatisticalprogrammingenvironmentis run from
within GRASS,permittingGRASScommandline instructions,includingthoserequir-
ing interaction,to be issuedfrom within � usingthe !�"#!�$&%�')(�* function (in the code



examples,+ is theoperatingsystemshellprompt, ,-�/.&�/��0 is theGIS prompt,and 0 is
the � prompt;the 1 sign is usedfor line continuationpermittedin � , while 2 is used
where� doesnot permitcommandlinesto bebrokenwithin text strings):

3547698;:<:7=�>@?ACB<D;E<FHG9B)ICFKJ7L;M;N;N =�>O?QP BQI 8SR@T B PVUQW<W;WCX
J;B<F 4<6C8HY<Z\[ E]LCB : FQ^ 6 E7B : MQ_ 8 D7` :<[<: NH^ Y;Y F 6 IaN<` : ICBHG R J7L;MCN<N Xb[<:58bc<6C8<d BHG 8Q6;eFQf5g > N > M 6 GC`Kh;FQ_ : I 6 ^iEHI [ FH_5j<_ 4C[ _9B;B 69[ _ 4 L9B : B 8Q6 E Zak;8HP F 6C8 ICF 69[ B :lR g9N7M<h7j;L k9X8 _ dKmC8 `;D<F 6 g<_ [Hn B 69:<[ IC` >oCBQp 6 B<D<B 8C: B : FQfaJ7L;M;N<N 8Q6 BaE<F<F 6;dC[ _ 8 ICB d58 _ dbY;6 F d ^\E7B d)P `bI Z B5h;BH_CICB 6 fCF 6M Y<Y D [ B d J;B;F 476C8HY;Z\[ E 8 _ d N Y98 I [78 D)LCB : B 8Q6 E ZqR h<M<JCNQL X D<FCE 8 ICB da8 I mC8 `;D<F 6g<_ [Hn B 69:<[ IC` >><><>A Z BH_ 6 B 87d `bICFbrQ^ [ IsBH_CICB 6�t B7u [ IJ7L;M;N;N<v 4�>O49[<: BH_ nak;w h<M cixQw oCyQoCM7z<je F : F n FH^;I7G\{7|J7L;M;N;N<v 4�> D [<: I5I;` Y B7} 6C8C: IbG 8HYi: BQI;} 6\:~P
�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�6C8;: I9B 6 f [ D;B :58Qn98;[ D 8HP D<B [ _KG 8HY\: BQI 69:~P�t� � k M7o P F 6;d B 6 G 8;:He\U�e � k M7o UH?<? ICF Y F >O� { �9U;Uj � k M7o UH?<? Z;P98Q6 e �<L wQTiUH?<? ICF Y F >O� | �9U7�><><>
�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�J7L;M;N;N<v)LL t h;F Y ` 6\[Q4QZ I UQW;W<W���c<Z B)L5�\B n B<D<F Y G9BH_;I5hCF 6 B c B 8 G�CB 69:;[ FH_ ?�>�� | >O?�R M Y;69[ D5� ��U7W<W<WCXL [<: f 6 B<B : FQf<I<p 8Q6 B 8 _ d E7FHG9B : p [ I Z M m N w<k g c j k<� o w A;M<L<L;M7o c;��>� FH^ 8Q6 B)pCB;D;E7FHG9BbICF 6 B dC[<: I 6\[~P ^;ICB [ I5^<_ d B 6 E7B 6 I 8;[ _�E<FH_ dC[ I [ FH_ :�>><><>c ` Y B ��r R�X ��ICFKrQ^ [ IKL >
v : ` : ICBHG R � 4�>O4C[;: BH_ n5k;w h<M c\xQw oCyQo;M7z;j�� Xe F : F n FH^;I7G\{7|vKDH_ 8 G9B5� � : ` : I9BHG R � 4�>O4C[<: BQ_ n5k;w h<M c\xQw oCy7o;M7z<j�� ��[ _;ICB 6 _C} c\XvKDH_ 8 G9B��UH� � e F : F n FH^;I7G\{7|i�v : ` : ICBHG R � 4�> D [;: IbI;` Y B<} 6C8;: I5G 8HY\: B7I;} 69:~P � X
�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�6C8;: I9B 6 f [ D;B :58Qn98;[ D 8HP D<B [ _KG 8HY\: BQI 69:~P�t� � k M7o P F 6;d B 6 G 8;:He\U�e � k M7o UH?<? ICF Y F >O� { �9U;Uj � k M7o UH?<? Z;P98Q6 e �<L wQTiUH?<? ICF Y F >O� | �9U7�><><>
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><><><>;><>
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RunningunderUnix-family operatingsystems,GRASSonly customizestheuser’s
programexecutionenvironment,addingspecificdefinitionsneededfor GRASSpro-
gramsto beableto find thefilesandmetadatarequiredfor theirwork. GRASSdoesnot
thenrepresenta majormemoryoverhead,and � canbe launchedwith plentyof space
for its computations.Theexamplesreportedbelow did not needmorethan16Mb heap
memoryfor analysisof a datasetwith 26732rastercells andeight initial attributes,
andwith the judiciousdeletionof dataobjectsfrom the heap,muchlesswould have
surficed.



Following a review of GRASSand � in thecontext of open-sourcesoftware,anex-
amplewill bepresented.It showshow acombinationof GRASSand � canbeemployed
to conducta rapidgeomorphometricanalysisof theterrainin Kosovo. Without NULL
andfloating point rastercell valuesin GRASS,this would be morecomplicated,but
now seemsto function well. GRASSis usedfor the filtering operationsusedto con-
structtheterrainindicesto beused,while statisticaltoolsin � aredeployedto squeeze
information out of the data.In particular, modernstatisticsstressthe importanceof
exploratoryandgraphicaldataanalysis,functionswhich GIS arenot designedto sup-
port. Prior to dataimport into GRASS,GenericMappingTools (GMT) wereusedfor
accessingGTOPO30digital elevation modelsfrom two tiles, andfor projectingfrom
geographicalcoordinatesto UTM zone34, to convertpositionto metreunits.

2 Open-source software, GRASS and �

Several yearshave passedsincethe advantagesof integratingGIS andspatialanaly-
sisweredescribedby Bailey (1994),Haining(1994),andAnselin,DodsonandHudak
(1993),amongothers.It hastaken time to definepracticalsolutions,andeven then,
problemshave arisenwith changesin underlyingoperatingsystems,andin the inter-
facesusedby thesoftwaresystemsto beintegrated.Further, it hasnot alwaysbeenthe
casethat the interfaces,whetherthroughfile transfer, remoteprocedurecalls (RPC),
or applicationprogramminginterfaces(API) have beensufficiently well documented
for cleandesign.Theseconsiderations,while not preventingprogress— witnessedby
work reportedbyHaining(1996),AnselinandBao(1996),BaoandAnselin(1997),and
Can(1996)andothers,do raisethequestionof accessto sourcecodefor thesoftware
systemsbeingintegrated.

Oneargumentfor usingopen-sourcesoftwareis that it is cheaperthancommercial
alternativesfor obviousreasons,but comeswith no guarantees,andrequiresa willing-
nesson thepart of theuserto commit time to its configuration,possiblycompilation,
andinstallation.This is perhapsnot thekey reasonfor seeingopen-sourcesoftwareas
bringingsignaladvantagesto work in analysisandprototypingwhenroutinetasksare
seldomencountered(Ousterhout,1997).Thetwo thatarestressedin currentdiscussion-
s are,relatedto the skills of the user, that therewill exist a community(”bazaar”)of
otheruserswho mostlikely will alreadyhave met andsolved theuser’s problem,and
thatwith a largeenoughbazaar, no problemthatneedsto besolvedis unsolvable.This
is termedthe parallelizabilityof debugging,andrequiresall interestedin advancinga
givensoftwaresystemto haveunrestrictedaccessto thesourcecode.Whendebugging
is spreadacrossmany differentusersandprogrammers,almostcertainlyat leastoneof
the participantswill have encountereda similar problembefore,andbe ableto point
to a diagnosis(Raymond,1997).Accessto sourcecodein thepresentexamplemadeit
possibleto find out how therevisedGRASS �]�i���)�<� !/���/� commandreadsNA values,
althoughthemanualpagedoesnot documentthis.

While thereareseveral statisticalanalysissystems,mostprominently � andLisp-
Stat,with open-sourcestatus,theonlymajorgeographicalinformationsystemisGRASS
(GeographicResourcesAnalysis SupportSystem),now basedat the Centerfor Ap-
plied GeographicandSpatialResearchof Baylor University, Texas(ByarsandClam-



ons,1998).Attemptsto implementselectedspatialstatisticstechniqueswithin GRASS
by J.DarellMcCauley, reviewedin Bivand(1996),arestill extantin thecodebase,but
arenow unsupported.Following uncertaintyaboutthefutureof GRASSafter theces-
sationin 1996of supportfrom its originatinginstitution, theU.S. Army Construction
EngineeringResearchLaboratory, it seemsthatthevalueof anopensourceGIS,albeit
with muchbettersupportfor rasterthanvectorrepresentations,hasbeenrecognized,
andthat effort is beingput into development.GRASShasmoved from version4.1.5,
the lastCERL release,to 4.2.1,while version5.0betafrom Baylor Universitywasre-
leasedon 5 February1999.Until now, GRASShasstoredrastercell valuesasintegers
only, usingthe zerovalueboth asnumericzeroandasNULL (VOID, not available,
NA). Version5.0 introducesbotha separateNULL value,andfloating-pointrastercell
values,bothof which arenecessaryfor aviableinterfaceto statisticssoftware.

Turning to � , it is possibleto seea clearerbazaar-type processthan in the case
of GRASS(Ihaka,1998). � wasenvisionedas a programmingenvironmentfor data
analysisandgraphicsnot dissimilarto � (ItakaandGentleman,1996,seealsoBecker
et al., 1988,ChambersandHastie,1992,Becker, 1994,VenablesandRipley, 1997). �
differsfrom � andits derivative ����������� byplacingits objectsin aworkspacein memory
ratherthanin separatedatafiles on disk; in this way � is morelikeGRASS.� supports
functionswritten by the user— indeed,it is a sophisticatedprogramminglanguage
permitting both the userand the wider bazaarcommunity to develop and exchange
ideas.

Thefollowing exampleshows how thestrengthsof the � interpretedlanguagecan
easethe housekeepingof generatingthe intermediatelayersrequiredfor quantitative
analysisof landsurfacetopographyin thefashionof ZevenbergenandThorne(1987).
To generatethe coefficients A–I (seealso Burroughand McDonnell, 1998,p. 191),
singlecell shiftsarerequiredfrom eachcell to eachof its eightneighbours.In thesyntax
of the GRASS �]��' ��¡ ���/¢&� command,this involvesappendingin squarebracketsthe
desiredshift (negative for leftwardandupward,positive for rightwardanddownward)
to the nameof the rastercell layer involved.Runningthrough � , we canexecutethe
commandwith or without interaction:

v : ` : ICBHG R � 6�> G 8QY E 8 D;E\� X
G 8HY E 8 D;E7v �\U<U }bI9F Y F � � U�� � UH�
j;£7j;h7g c\x o;J �9U<U } ><><>¤UH?<?<¥h7L<j;M c\x o;JKNQg;�<� w L c5T\xHk j9N TCw L �9U<U6C8 _ 4 B t | �;=<�<=�> {;� W � W<�;=<¦ � U
G 8HY E 8 D;E7vv : ` : ICBHG R � 6�> G 8QY E 8 D;E �\U<U }5I9F Y F � � U�� � UH� � X
j;£7j;h7g c\x o;J �9U<U } ><><>¤UH?<?<¥h7L<j;M c\x o;JKNQg;�<� w L c5T\xHk j9N TCw L �9U6C8 _ 4 B t | �;=<�<=�> {;� W � W<�;=<¦ � Uv

We have however eight rastercell layersto create,andcanautomatethe process
using � . Useis madeof the § operator, creatinga sequencefrom its first argumentto
its secondwith anincrementof unity, andthenof ¨�©-��(�* loopsto changeboththename
of thecalculatedrastercell layers,andtheir shift:



v : ` : ICBHG R � 4�> D [;: I 6C8;: I�� X
�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�6C8;: I9B 6 f [ D;B :58Qn98;[ D 8HP D<B [ _KG 8HY\: BQI 69:~P�tICF Y F
�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�v5us� �5� U�t�Uv5u��UH� � Uª?«Uv5`s� �5� U�t�UvbfCF 6¬R�[K[ _ U�t D;BH_ 4 I Z�R u X<X]® fCF 6¬R�¯a[ _ U�t D<BH_ 4 I Z�R ` X;X)® : I 69[ _ 4 � � Y98;: ICB R � 6�> G 8HY E 8 D;E � � ��[��°¯�� ��}5I9F Y F � � �® u ��[Q��� � � � � ` �@¯7��� � � � ��: B Y }i�;� X® E 8 I R�: I 6\[ _ 4�� �H±H_�� X® : ` : ICBHG R�: I 69[ _ 49X® ²®a²6�> G 8QY E 8 D;E �9U<U }KICF Y F � � U�� � UQ�
j;£7j;h7g c\x o;J �9U<U } ><><>¤UH?<?<¥h7L<j;M c\x o;JKNQg;�<� w L c5T\xHk j9N TCw L �9U<U6C8 _ 4 B t | �;=<�<=�> {;� W � W<�;=<¦ � U6�> G 8QY E 8 D;E �9UQ� }KICF Y F � � U���?<�
j;£7j;h7g c\x o;J �9UQ� } ><><>¤UH?<?<¥
><><>
6�> G 8QY E 8 D;E � {<{b}KICF Y F ��U���UH�
j;£7j;h7g c\x o;J � {<{b} ><><>¤UH?<?<¥h7L<j;M c\x o;JKNQg;�<� w L c5T\xHk j9N TCw L � {<{6C8 _ 4 B t�UQ¦CU�> | UQ¦7?;?;¦ |<| � { �<=<�<=�> {<� W � W;�<=<¦ � Uv : ` : ICBHG R � 4�> D [;: I 6C8;: I�� X
�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�6C8;: I9B 6 f [ D;B :58Qn98;[ D 8HP D<B [ _KG 8HY\: BQI 69:~P�tICF Y F �9U<U �9UQ� �9U { �;�9U�;�<� �;� { � { U � { � � {;{
�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�
If thisfunctionprototypewasappropriatelypackagedandsupplementedby thenec-

essarycalls to �]��' ��¡ ���/¢&� to computethe coefficientsneededfor analysis,the whole
procedurecouldbeautomated.By checkingvaluesreturnedby GRASSprogramsused,
it is possibleto ensurethattheprocedurerunscorrectly.

In additionto GRASSand � , usehasbeenmadein thesecondexampleof Generic
MappingTools (GMT, seeWesselandSmith,1998).In particular, theGTOPO30tiles
for theKosovo area,crossingthe20³ E tile border, wereimportedusing ´�'�$µ�&� !�$&%�� and
´µ��¶-¡ � !�$&% , andconvertedto theUTM zone34projectionusing ´/�/¶�·-¸/"�¹ to write a text
file of elevationvaluesfor theselectedregionbygeographicalcoordinates,' ��¡/¡��&©/ºµ% ��$
to convert to UTM zone34, »�¢-© ��¼�' %-¶#����� and !�½���¨��&��% to interpolateto a1000mgrid
spacing,roughlyequivalentin W-E resolutionto the30 secondinput data,andfinally
´µ��¶�·-¸/"/¹ againto output the datafor readinginto GRASS.The GMT tool ´/��¶�' � !�¼
wasalsousedto createthemaskfor Kosovo,digitizedfrom a1:1million thematicmap
(on which the line thicknessvariedwith type, leadingto potentialerrorsof roughly ¾
2000m.Thedatafilesoutputby ´/��¶/·-¸/"�¹ weremassagedusing ��¿�¼ to convert themto
a suitableformatfor GRASS �À�i���)�;�&!/���/� .

Theversionsof the softwareusedare:Linux kernel2.0.36(RedHat5.2); GRASS
5.0beta,released5 February1999, installed from the Linux binary from Á�$/$-¡)§CÂ/Â
¿µ¿/¿)�Q» ��" ¢µ©-�]�<%µ¶-½�Â Ã�´/�&��!/! — including the installationof a nonstandardlibrary as



mentionedin the installationguide; the � 0.64.0sourcedistribution of 8 April 1999,
downloadedfrom Á�$/$-¡)§CÂ/Â�¿µ¿/¿)�\���Ä�7$µ½µ¿ ��%��)�7� ���7�-$&Â���Â , configured,compiledusing
standardcompilersandlibrarieslocatedby theautomaticconfigurationprocedure,in-
stalled,and supplementedby a numberof contributed packages,in particular Å/.&�/�
and �-¢�½ !�$&%-� , compiledandinstalledfrom sourcedistributionsusingthe �ÇÆ�È&��É/.��/�
¢&��»��&�-�µ" command;and the GMT 3.2 sourcedistribution of 19 March 1999 from
Á/$/$µ¡)§CÂµÂ�¿/¿/¿)�9!�©/% !�$��QÁ ��¿ � �/�Ä�<%µ¶�½�Â�´�' $ , compiledandinstalled,andsupplementedby
the compiling andinstallationof the optional ´/��¶µ�&�&!�$&%-� command.The GTOPO30
datatiles W020N90and E020N90were acquiredfrom Á�$/$µ¡]§CÂ/Âµ%µ¶ ��¿/¿/¿)�9���À�Q½#!�´#!Ä�
´�©-Ê Â/¢µ���&¶/¶��/�&�-Â�´/$&©�¡ ©/Ë-Ì�Â�´/$�©�¡ ©-Ë/Ì��QÁ/$�'Í¢ , andinstalledfollowing instructionsgiven
in thearchivesof theGMT discussionlist.

3 Raster data integration

Theresearchproblemconsideredherehastwo major facets:firstly, to testthe integra-
tion of GRASSand � with respectto floatingpoint rastercell valuesandNAs, but not
leastimportantlyto useanexampleof a realisticsizeandformat.In thecontext of the
1999Kosovo crisis, the land surfacetopographyof the region cameinto sharpfocus,
bothasregardstheplight of refugeesandtheconductof land-basedpeaceenforcement
measures.Kosovo is known to posemany problemsin this respect,beingmadeup of a
numberof uplandbasinslargelysurroundedby mountainranges,anddrainingin three
directions:to the Adriatic in the west,to the Aegeanto the south-east,andnorthward
towardstheDanube.After consultingtheliteratureonquantitativeanalysisof landsur-
facetopography, is wasdecidedto createa selectionof indices,to exploretheir values,
andto make a classification(Sulebak,1997,GuzzettiandReichenbach,1994,Brown,
LuschandDuda,1998,Jones,1998,ZevenbergenandThorne,1987).Sincethepurpose
of this paperis not geomorphometrysensu stricto, suffice it to notethat Jones(1998)
findsthattheslopealgorithmimplicit in theZevenbergen/Thorneapproachoutperforms
all alternativeson his testdata.

Elevationdatafor a 163 Î 164km region includingKosovo wasextractedfrom G-
TOPO30andconvertedto UTM zone34 usingGMT, andimportedinto GRASS.Shift
layersfor thecomputationof Zevenbergen/Thorneindices,andtheindicesthemselves,
werecalculatedusing �]��' ��¡ ���/¢&� in GRASS.Theelevationdataimportedinto GRASS
werealreadyin floatingpoint format,aswereall of thecomputedindices.Theprofile
andplancurvatureindiceswerescaledto representcurvatureper100m(negative val-
uesareconcave andpositive convex), slopegradientis scaledin dimensionlessm/m
units (Zevenbergenand Thornes,1987,p. 50), elevation and local relief (maximum
- minimum elevation in a moving 3 Î 3 window) are scaledin metres,and the local
elevation-relief ratio (or hypsometricintegral — Pike and Wilson, 1971; heretaken
within a moving 3 Î 3 window) is scaledbetweenzeroandunity.

A maskrastercell layer was constructedusing the digitized bordersof Kosovo,
andimportedinto GRASSfrom GMT with zerocodingcellsoutsideKosovo, andone
codingthosewithin andon theborder. The �]�7�&%&�-¢µ� !/! commandwasusedto replace
the zeroswith NULL values,and �]��' ��¡ ����¢&� to multiply the resultingNULL/1 layer
with the indicesto beanalysedin � . The following displayshows thereportwindow



returnedby GRASSfor theNULL/1 masklayer, indicatingthatKosovo makesupabout
40%of theselectedregion.We notethattheNULL valueis representedby anasterisk.

v : ` : ICBHG R � 6�>Ï6 B Y F 6 I)G 8QY } P F 6Cd B 6\U ^<_ [ I : }CE �OZ��@e � X6�>�: I 8 I :�tÐUH?<?<¥® �<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�;�<�<�<�<�7�;�<�<�<�<�;�<�7�<�<�<�;�<�<�7�<�<�;�<�<�<�<�7� ®Ñ LCM;N c j<LKz;M7�ah;M c j;J w L � L<j<� w L c ÑÑÒk;w h;M c\xQw o t
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Having maskedtheelevationlayerandfive index layers,they weremovedto � for
furtheranalysis.TheGRASS �]�9!�$&�-$#! commandis usedwith argumentsfor theaddi-
tionaloutputof thegrid locationsfor eachrastercell, saving a text file with eightblank
separatedcolumns.As canbeseenfrom theoutputof the Á %/�µ¶ command,displaying
the first few lines of the file, the NULL valuesareshown againasasterisks.Further-
more,the first cell written to file is the top left cell, runningrightwardsalongthe top
rasterrow. Thedatafile is thenreadin to � usingthe ��%/�µ¶À�7$���»�¢µ%�(�* command,spec-
ifying thestringusedto representNA values.Finally, namesaregivento thecolumns
of thedatatable.As canbeseenfrom theoutputof the ¶#�i')(�* command,returningthe
sizeof thedatatable,it has26732rowsandeightcolumns,asexpected:
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At thispoint,graphicalandstatisticalanalysiscanbegin,onceanew dataframehas
beencreatedexcludingtheNA cellsbeyondKosovo’sborders.In orderto keeparecord
of theoriginalorderingof thecells,theirnumberingis first prependedto thedataframe,
andnext rows for which elevationis NA aredroppedarecopiedto dataframe '#©-�µ¡/Á�Ú .
Finally, the cell numberandgrid coordinatesof the NA cells arestoredin a separate
dataframe,sothattheclassificationresultcanbemergedbackinto theoriginalgrid.
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Figure1 shows the resultsof four graphicalanalysesof the elevationvariablefor
theremainingcells.A numberof auxiliaryvalueswerealsousedin plottinglinesonthe
figures;thesewerecalculatedfirst. Thecomputationof themeanandmedianelevation
is obvious;lesssois thefinding of theproportionof Kosovo overmeanelevation,first
creatinga new dataframewith elevation valuesandtheir ranks,andnext displaying
thosearoundthe mean.Since � is alsoa calculator, the proportioncould be obtained
by dividing the closestrank to the meanby the total numberof cells.The hypsomet-
ric integral is alsocomputeddirectly. The four diagramsshown werepreparedusing
the $µ�µ½ %�ÁÍ�-!�$�(�* function from the Åµ.&�/� packagefor the histogram,the ¶/%�� !���$µ"�(�*
function to calculatea Gaussiankerneldensityestimatewith default bandwidth,a s-
tandardgeomorphometrichypsometricintegral diagramusingbuilt-in � functions,and
finally an empiricalcumulative distribution function usingthe % ��¶/¨�(�* function from
the !�$&%�¡&¨-½/� packageto show how modernappliedstatisticsapproachesthesametask.
Apart from thehypsometricintegral diagram,all thesemethodsaredescribedin detail
by Jacoby(1997). In addition to thesefunctions,graphical“icing” wasaddedusing
built-in functions,which arenot reproducedhere.All of thefiguresin this paperhave
beenpreparedin � without subsequentediting.
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Initial attemptsto usethe ��'#�-´&%�(�* function to display the geomorphometricin-
dices— four of which areshown in Figure2, andthatof elevationin Figure3 — were
frustratedby inversion;GRASSassumesthatall gridsbegin from top left, while � as-
sumesthatthey begin from bottomleft. The ©���¶�%-��(�* functionwasusedto generatean
orderingvector, which reversedtherowsof thegrid matrix to bedisplayed.Finally, the
displayneededto bemadesquareto retaindimensionalsymmetryby settinga graph-
ics parameterin ¡&�-��(�* , andreducingthenumberof columnsby oneto 163,removing
the last column on the easternside.Onceagain,graphic“icing” wasadded,but the
functionsusedarenot recordedhere.
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Fig. 1. Graphicaldataanalysisof elevationin Kosovo, usinga varietyof
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functions.
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Fig. 2. Dimensionallycorrectmapsof thevaluesof four geomorphologicalindicesfor Kosovo;
grid northis givenby theverticalaxes,andtheaxesarescaledin metres.

Inspectionof the distributionsof the indicessuggestedthat logarithmsshouldbe
usedfor classificationin respectof elevation,slopegradient,andlocal relief. A further
data frame was constructedfor analysis,and its product-momentcorrelationmatrix
computed:



vaE~G\F 67Y<Z � � d;8 I 8�> f 6C8 G9B R E Pi[ _ d�R D;F 4�R G9F 67Y<ZiUQ3 B<D<B n\X�� D<F 4�R G9F 67Y;ZiUQ3;: D;F Y B X��® G9F 67Y<ZiUQ3QY D 8 _ � G\F 67Y<ZiU73HY;6 FQf � D<F 4�R G9F 67Y<Z�UQ37k L X�� G9F 67Y<Z�UQ3 j<L X;Xv)_ 8 G9B :�R EHG9F 67Y<Z�X � � E R �~D<F 4�> B<D<B n � � �~D<F 4�>�: D<F Y Bi� � � Y D 8 _�� � � YC6 FQf�� � �~D<F 4�>@k L�� � ��j<L�� XvaE7F 6�R E~G9F 67Y<ZiXD<F 4�> B<D<B n D<F 4�>�: D<F Y B Y D 8 _ YC6 FQf D<F 4�>Ok L j<LD<F 4�> B<D<B n«U�>O?<?<?;?<?<?<?5?�>@�CU � ¦ |;�<�<� ?�>�UQ� |<|C{ ?;W { ?�>@�<�CUQ= {7| ?;=)?�>��<W � = { �<�<=ß?�>@� { ?;W | ¦CUH?D<F 4�>�: D<F Y B ?�>@�CU � ¦ |;� WaU�>O?<?<?<?;?<?<?<?ß?�>O? � W<W { UQ¦<Wb?�>O?9U �7| �<W { ?b?�> � �<¦ � U;UH?;¦ß?�>O?;�<¦<W;�<= { ¦Y D 8 _ ?�>�UQ� |;|;{ ?;Wb?�>O? � W<W { UQ¦<WàU�>O?<?<?<?;?<?<?<?5?�>@= �<{7| UQ�<W { ?�>@?;W<�<�<�;�7?;� � ?�>�UQ�<� {;{ W<�<WY;6 FQf ?�>@�<�CU7= {7| U]?�>O?9U �7| �<W { ?ß?�>@= �<{7| UQ�<W { U�>O?<?<?<?;?<?<?<?b?�>@? { UQ= � ¦ {<� ?�>�U<UQ=<=9U | � �D<F 4�>@k L ?�>@�<W � = { �<�b?�> � �<¦ � U<UH?;¦á?�>O?;W<�<�;�<�7?;�b?�>O? { UQ= � ¦ {<� U�>@?<?<?<?<?;?<?<?Ç?�>O? {<� ¦9UQ�<�CUj<L ?�>@� { ?CW | ¦CU]?�>O?;�<¦<W;�<= { ¦ � ?�>�UQ�<� {;{ W<�<Wb?�>�U<UQ=<=9U | � � ?�>@? {<� ¦CU7�<�CUÇU�>O?<?<?<?;?<?<?<?

All the indiceswere retainedin this case,althoughit might have beenappropri-
ateto dropsomeof thehighly correlatedones.Theclusteringprocedureusedwasthe
��¢µ�-�&��(�* function from the ��¢�½ !�$&%�� package;the indiceswere standardisedbefore
classification.Of course,classifying10948objectsis a demandingtask,but this func-
tion is designedto classifyarbitrarily largedatasets(KaufmanandRousseeuw, 1990,
Struyf, HubertandRousseeuw, 1997),usingsamplingto establishclustermediods,it-
eratinguntil they ceasemoving, for the chosennumberof classes,in this casefive.
Accessingtheoutcomeof theclusteringprocedure,we canseethenumberof observa-
tions,andvaluesreportingresidualdissimilaritywithin theclusters.In our case,how-
ever, most interestis connectedto mappingwherethe five classesare located.To do
this,useis madeof thedataframerecordingtheobservationnumbersandgrid coordi-
natesof the NA grid cells,which aremergedbackinto the classificationresults,after
theadditionof NA classificationvaluesfor cellsoutsideKosovo. Theimagematrixfile
is constructedasbefore,reversingtherow orderto accordwith � ’s assumptionsabout
grid row ordering;theoutputis shown in Figure3.
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It is notourpresentpurposeto interprettheresultsin any substantiveway, but with-
out doubtperusalof suchdiagramsdoesyield quiteadequatebasesfor suchanalyses.
In addition,we cantabulatea seriesof valuesfor the distributionsof elevationvalues
by classificationclasses(otherindicesarenot shown here):
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Fig. 3. Elevationin Kosovo viewedtogetherwith a geomorphometricclassificationinto five sur-
facetopographytypes.

Thseanalysescanbedeepenedusingfurthergraphicaldataanalysistools,suchas
the » ©-¸µ¡ ¢µ©-$ function,in whichthedistributionsof eachof theindicesis conditionedby
theclassesresultingfrom this classification.As canbeseenfrom Figure4, qualitative
interpretationof the resultsis aidedby suchgraphicalmethods.In addition, it may
be mentionedthat, since � runsfast,it is possiblenot only to try out many views of
the data,but also alternative classifications,perhapswithout standardisation,usinga
differentdistancemetric,or without logarithms,in thecourseof asessionof interactive
analysis.

In conclusion,it remainsto show how theclassificationresultmaybemovedback
to GRASS.Sinceour dataframeis still in thesameorderaswasreadin from GRASS,
wecangeneratetheoutputmatrixdirectly. Next, wearerequiredby GRASSto entersix
headerlinesinto thefile to beused;thevaluesgivenhavebeenpastedinto theconcate-
nationfunction,ratherthantypedin, sincethey areall presentin thedatain oneform
or other. Sincethegrid coordinatesaretakenby GRASSasgrid centres,half a spacing
unit hasto beaccommodatedoneachedge.The ¿ � commandshowsthattheoutputfile
has169linesand26744separatedataentitiesaftertheoutputmatrix hasbeenwritten,
6 headerlinesand163datalines,and12 headerentitiesand26732dataentities.The
GRASS �À�i���)�;�&!/���/� commandis employed to move the classificationbackinto the
GRASSdatabase;notethatNULL valuesoutputby the �Õ¿/� ��$&%�(�* functionarecoded
NA, andthat �]�\���)�;� !µ���/� is passedthis valueasanargumentto the (undocumented)
�/Ê option.Theexistenceof theoptionwasestablishedby examiningthesourcecode.
Following import, thenew rastercell layerwasdisplayedusing ¶À�7�&� !�$ in thenormal
fashion,andgeographicalanalysis,usinga locationpointerto querychosenrastercell
layersat agivenlocation,couldproceedwithout furtherdelay.
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Fig. 4. Boxplotsof thesix geomorphometricindicesby five classificationclasses.
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With regardto theKosovo example,it mayalreadybeseenhow importanttheex-
istenceof major watershedsappearsto be, with the westernzonein class5 showing
the uplandplainsin the basinof the Beli Drin river, drainingout throughKukës,and
dividedfrom easternKosovo by a north-southbelt of morebrokenterrain.Theeastern
basinmostlydrainednorthwardby theriver Sitnicatowardstheriver Ibar, while south
of Uroševac,it drainssouth-eastwardvia theriverLepanac,joining theVardarjustwest
of Skopje.Thesethreevalleys arealsothemainlinesof communicationlinking Koso-
vo with its neighbours.This fifth classonly makesup 22% of the areaof the region,
however, while almost32%is in themountainoussecondandthird classes.
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Finally, GRASSis usedto checkthe visual impressionthat class5 cells tend to
neighbourclasses1 and4 ratherthan2 or 3 — it turnsout that lessthan3% of neigh-
bouringcellsbelongedto themountainousclasses:
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Furtheranalysiscouldbeconductedwith thisdataset,but it wouldbeof advantage
to beableto addlandcover, drainage,andotherdatalayers.In addition,useof higher
resolutiondatawouldpermitmoreof thetopographicdetailto bepickedout.

4 Concluding remarks

Theexamplepresentedabovehasexercisedthenew featuresof GRASS5.0neededfor
statisticalanalysis:NULL valuesfor datanot available,and the floating point repre-
sentationof cell values.It hasbeenshown how rastercell datain theseformatsmay
bemovedfrom GRASSto R andbackagain,permittingbothgraphicalandstatistical
dataanalysisto beconductedbeyondthestandardfunctionsavailablein geographical
informationsystems.It hasfurtherbeendemonstratedthatGRASScommandscanbe
run from within � usingthe !�"�!�$&%�')(�* function,andthatbecause� is a programming
languageof substantiallygreaterpower than the shell usually employed in GRASS,
the commandsto be executedcanbe programmedwherethis is convenientor appro-
priate,andsaved asuser-definedfunctionsfor future use.It shouldalsobe notedthat
� hasa comprehensive journalling facility, both logging all commandsexecuted,and
permittingtheir interactiverecallandediting.

Sincethe �&%/�µ¶��7$&��»�¢-%�(�* , ¿/� ��$&%�(�* , and !�"#!�$�%�')(�* functionsarecommonto � and
� (though !�"#!�$&%�'](�* is known as ½/�Í��¸°(�* in � ), the lattersoftwaresystemcouldalso
have beenusedfor the sameanalysisunderUnix-like operatingsystems.Major GIS
systemsrun from a Unix shell, and supportingbasicrasterfunctionality, could also
have beenusedin placeof GRASS.In thecaseof GIS usinggraphicaluserinterfaces,
it would have beennecessaryto run the GIS andstatisticssoftwarein parallel in the
samedatadirectory, ratherthannestingthestatisticsprogramwithin theGIS shell,as
wasdonehere.



Theargumentsfor usingopen-sourcesoftwareasdescribedherearethreefold:first-
ly cost,easeof acquisition,and the broadcommunitysupportavailable throughdis-
cussionlists; secondly, in theabsenceof fuller documentation— somethingwhich can
affect commercialsoftwaretoo, sourcecodecanbereadto determinehow exactly the
softwareis intendedto function;andthirdly thattheusercanbothmodify thedistribut-
ed sourcecode,addingextra functionality. This hasbeendonein GRASSin the past
by creatingnew compiledcommands,but in � is facilitatedby thefactthatit is in itself
an interpretedprogramminglanguageof substantialpower. In the caseof this exam-
ple, thefirst two argumentsapply, while thethird remainsfor development.Suchplans
would includean interfacesuchasthatdescribedhere,but wheredatatransferwould
beprovidedin theform of � functions,andwould useclassmechanismsto providefor
thereliabletreatmentof metadataandotherissues.It alsoremainsto provideadequate
mechanismsfor siteandvectordatalayers,andfor integratingGIS spatialdataquery
mechanismswith � tablelookup functionality. A first stepwill be to securethe same
level of dataexchangeabilitybetweenGRASSand � asalreadyexists between� and
¸µ´&©�»Í� , a programusedfor dynamicdatavisualization.
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