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Abstract. With the releaseof the open-sourcéslS GRASS5.0in early 1999,
opportunitiesarepresentedor integrationwith the open-sourca. statisticaldata
analysigorogrammingervironment.After reviewing thesetwo softwaresystems,
an exampleis given of the adwantagesyielded by the complementingof GIS

techniquesvith modernstatisticalanalysis.The exampleshavs hov GTOPO30
digital elevation models,with a resolutionof 30 secondsmay be subjectecto

geomorphometri@analysis;the dataaretaken from the Kosovo region. In these
examplesR is runinteractvely within the GRASS5.0 ervironment,transfering
databy writing andreadingtext files; the operatingsystemis Linux.

1 Introduction

Developmenbf theleadingOpenSourceGIS— GRASS— hasbeenmovedto Baylor
University in Texas,wherework on a new releaseincorporatingfloating-pointraster
cell valuesandNULL valuesdifferentfrom zerois now in betatesting.In parallelwith
this, the R statisticaland dataanalysislanguagealso OpenSource,is maturingvery
rapidly, andcannow executemostS andS-PLUS codein an unmodifiedform. In the
past,when$ was available on academidicense,integration betweenGRASSand S
existedin aloose-coupledorm for integerrastercell valuessampledat pointsgivenin
asitelayer

The issuesinvolved in linking two complex and fast-changingorogramerviron-
mentsare presentedn a comprehensie way, with particularreferenceto the spatial
analysisof datastoredin the chosenGIS. While the progressreportedin this paper
is basedon OpenSourceUnix-lik e operatingsystemspegun underNetBSD 1.3, and
concludedunderLinux 2.0.36(RedHat5.2),it is worth notingthatboth GRASSandR
have beencompiledfor MS Windows systemsA third software packageausedfor data
integrationhereis GenericMappingTools (GMT).

In work to date,the interface usedis that of the statisticalanalysissystem,run
from within the GIS ernvironment.Givenmajor designdifferencesn memorymanage-
ment— GRASSusesthe underlyingfile systemwhile R mapsall active objectsinto
memorymanagedy a garbagecollector— andotherproblems;t hasbeennecessary
to decideon a representatiorsuiting the dataanalysisand visualizationtasksbeing
performed.This meansherethat the statisticalprogrammingervironmentis run from
within GRASS permittingGRASScommandine instructionsjncludingthoserequir
ing interaction,to be issuedfrom within R usingthe system() function (in the code
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examples$ is the operatingsystemshell prompt,GRASS> is the GIS prompt,and> is
theR prompt;the + signis usedfor line continuationpermittedin R , while * is used
whereR doesnot permitcommandinesto be brokenwithin text strings):

$ grass5.0
Welcome to GRASS 5.0beta (Feb 1999)

Geographic Resources Analysis Support System (GRASS) is a Trademark
of U.S. Army Construction Engineering Research Laboratories (USACERL)
and Baylor University.

New releases of GRASS are coordinated and produced by the Center for
Applied Geographic and Spatial Research (CAGSR) located at Baylor
University.

When ready to quit enter: exit
GRASS> g.gisenv LOCATION_NAME
kosovoutm34

GRASS> g.list type=rast mapset=rsb

raster files available in mapset rsb:

D PLAN bordermaskl kPLAN100 topo.z3 z11
E PLAN100 hbar kPROF100 topo.z4 z12
GRASS> R

R : Copyright 1999, The R Development Core Team

Version 0.64.0 (April 8, 1999)

R is free software and comes with ABSOLUTELY NO WARRANTY.
You are welcome to redistribute it under certain conditioms.

Type "qO" to quit R.

> system("g.gisenv LOCATION_NAME")

kosovoutm34

> 1lname <- system("g.gisenv LOCATION_NAME", intern=T)
> lname

[1] "kosovoutm34"

> system("g.list type=rast mapset=rsb")

raster files available in mapset rsb:

D PLAN bordermaskl kPLAN100 topo.z3 z11
E PLAN100 hbar kPROF100 topo.z4 z12
> q("no")

GRASS> exit

GRASS SESSION WRAPUP

Goodbye from GRASS

RunningunderUnix-family operatingsystemsGRASSonly customizeghe users
programexecutionervironment,adding specific definitionsneededfor GRASS pro-
gramsto beableto find thefiles andmetadataequiredfor theirwork. GRASSdoesnot
thenrepresena major memoryoverheadandR canbe launchedwith plenty of space
for its computationsThe examplesreportedbelon did not needmorethan16Mb heap
memoryfor analysisof a datasetwith 26732rastercells and eightinitial attributes,
andwith the judicious deletionof dataobjectsfrom the heap,muchlesswould have
surficed.



Following areview of GRASSandR in the contet of open-sourcsoftware,anex-
amplewill bepresentedt shovshow acombinatiorof GRASSandr canbeemployed
to conducta rapid geomorphometrianalysisof theterrainin Kosovo. Without NULL
andfloating point rastercell valuesin GRASS, this would be more complicated but
now seemdo function well. GRASSis usedfor the filtering operationausedto con-
structtheterrainindicesto be usedwhile statisticaltoolsin R aredeployedto squeeze
information out of the data.In particular modernstatisticsstressthe importanceof
exploratoryandgraphicaldataanalysis functionswhich GIS are not designedo sup-
port. Prior to dataimport into GRASS,GenericMapping Tools (GMT) wereusedfor
accessingsTOPO30digital elevation modelsfrom two tiles, andfor projectingfrom
geographicatoordinateso UTM zone34,to corvertpositionto metreunits.

2 Open-source software, GRASS and R

Several yearshave passedsincethe advantageof integrating GIS and spatialanaly-
sisweredescribedy Bailey (1994),Haining (1994),andAnselin, DodsonandHudak
(1993),amongothers.It hastaken time to define practicalsolutions,and even then,
problemshave arisenwith changesn underlyingoperatingsystemsandin the inter-
facesusedby the softwaresystemgo beintegrated.Further it hasnot alwaysbeenthe
casethat the interfaces whetherthroughfile transfer remoteprocedurecalls (RPC),
or applicationprogramminginterfaces(API) have beensuficiently well documented
for cleandesign.Theseconsiderationswhile not preventingprogress— witnessedy
work reportecby Haining(1996),AnselinandBao(1996),BaoandAnselin(1997),and
Can(1996)andothers,do raisethe questionof accesso sourcecodefor the software
systemdbeingintegrated.

Oneargumentfor usingopen-sourcaoftwareis thatit is cheapethancommercial
alternatvesfor obviousreasonsbut comeswith no guaranteesandrequiresa willing-
nesson the part of the userto committime to its configuration,possiblycompilation,
andinstallation.This is perhapsot the key reasorfor seeingopen-sourcaoftwareas
bringing signaladvantagedo work in analysisandprototypingwhenroutinetasksare
seldomencountere@Ousterhout1997).Thetwo thatarestressedh currentdiscussion-
s are,relatedto the skills of the user that therewill exist a community("bazaar”) of
otheruserswho mostlikely will alreadyhave metandsolved the users problem,and
thatwith alarge enoughbazaarno problemthatneedgo be solvedis unsohable.This
is termedthe parallelizability of delugging,andrequiresall interestedn advancinga
givensoftwaresystemto have unrestrictecaccesso the sourcecode.Whendehugging
is spreadacrosamary differentusersandprogrammersalmostcertainlyatleastoneof
the participantswill have encountered similar problembefore,andbe ableto point
to adiagnosigRaymond,1997).Accesgo sourcecodein the presenexamplemadeit
possibleto find outhow therevisedGRASSr . in.ascii commandeadsNA values,
althoughthe manualpagedoesnot documenthis.

While thereare several statisticalanalysissystemsmostprominentlyR andLisp-
Stat,with open-sourcstatustheonly majorgeographicainformationsysternis GRASS
(GeographicResource®Analysis SupportSystem),now basedat the Centerfor Ap-
plied Geographicand SpatialResearctof Baylor University, Texas(Byarsand Clam-



ons,1998).Attemptsto implementselectedspatialstatisticsechniquesvithin GRASS
by J. Darell McCauley, reviewedin Bivand(1996),arestill extantin the codebase but

arenow unsupportedFollowing uncertaintyaboutthe future of GRASSafterthe ces-
sationin 1996 of supportfrom its originatinginstitution, the U.S. Army Construction
EngineeringResearct.aboratoryit seemghatthe valueof anopensourceGIS, albeit

with muchbettersupportfor rasterthanvectorrepresentationdjasbeenrecognized,
andthat effort is being put into development. GRASShasmoved from version4.1.5,

thelast CERL releaseto 4.2.1,while version5.0betafrom Baylor University wasre-

leasedon 5 February1999.Until now, GRASShasstoredrastercell valuesasintegers
only, usingthe zerovalue both as numericzeroandasNULL (VOID, not available,

NA). Version5.0introduceshotha separat®NULL value,andfloating-pointrastercell

values bothof which arenecessarfor aviableinterfaceto statisticssoftware.

Turningto R , it is possibleto seea clearerbazaaitype processthanin the case
of GRASS (Ihaka, 1998).R was ervisionedas a programmingervironmentfor data
analysisandgraphicsnot dissimilarto S (ItakaandGentleman1996,seealsoBecker
etal., 1988,ChambersandHastie, 1992,Becler, 1994,VenablesaandRipley, 1997).R
differsfrom S andits derivative S-PLUS by placingits objectsin aworkspaceén memory
ratherthanin separatelatafiles on disk; in thisway S is morelike GRASS R supports
functionswritten by the user— indeed,it is a sophisticate¢orogramminglanguage
permitting both the userand the wider bazaarcommunityto develop and exchange
ideas.

The following exampleshows how the strengthof the R interpretedanguagecan
easethe houseleepingof generatinghe intermediatdayersrequiredfor quantitatve
analysisof land surfacetopographyin the fashionof ZevenbegenandThorne(1987).
To generatethe coeficients Al (seealso Burroughand McDonnell, 1998, p. 191),
singlecell shiftsarerequiredrom eachcell to eachof its eightneighboursln thesyntax
of the GRASSr .mapcalc commandthis involvesappendingn squarebracletsthe
desiredshift (negative for leftward andupward, positive for rightward anddownward)
to the nameof the rastercell layer involved. RunningthroughR , we canexecutethe
commandwith or withoutinteraction:

> system("r.mapcalc")
mapcalc> z11 = topo[-1,-1]

EXECUTING z11 = ... 100%
CREATING SUPPORT FILES FOR z11l
range: 4 2565.3898925781

mapcalc>
> system("r.mapcalc z11 = topo[-1,-1]")

EXECUTING z11 = ... 100%
CREATING SUPPORT FILES FOR z1
range: 4 2565.3898925781

>

We have however eight rastercell layersto create,and can automatethe process
usingR . Useis madeof the : operatorcreatinga sequencdrom its first argumentto
its secondwith anincremenbf unity, andthenof for () loopsto changeboththename
of the calculated-astercell layers,andtheir shift:



> system("g.list rast")

raster files available in mapset rsb:

topo
> x <- -1:1
>x
[11 -1 0 1
>y <= -1:1

> for (i in 1:length(x)) {

+ for (j in 1:length(y)) {

+ string <- paste("r.mapcalc z", i, j, " = topol",
+ x[il, ",", y[j], nym, sep="")

+ cat (string, "\n")

+ system(string)

+ }

+ 3}

r.mapcalc z11 = topo[-1,-1]

EXECUTING z11 = ... 100%
CREATING SUPPORT FILES FOR z11l
range: 4 2565.3898925781
r.mapcalc z12 = topo[-1,0]

EXECUTING z12 = ... 100%

r.mapcalc z33 = topo[1,1]

EXECUTING z33 = ... 100%

CREATING SUPPORT FILES FOR z33

range: 171.4170074463 2565.3898925781
> system("g.list rast")

raster files available in mapset rsb:
topo z11 z12 z13 z21
z22 z23 z31 z32 z33

If thisfunctionprototypewasappropriatelypackagedndsupplementetly thenec-
essarycallsto r .mapcalc to computethe coeficientsneededor analysisthe whole
procedureouldbeautomatedBy checkingvaluesreturnedoy GRASSprogramaised,
it is possibleto ensurethatthe proceduregunscorrectly

In additionto GRASSandR , usehasbeenmadein the second=xampleof Generic
MappingTools (GMT, seeWesseland Smith, 1998).In particular the GTOPO30tiles
for theKosovo areacrossinghe 20°E tile border wereimportedusinggmtraster and
grdpaste, andcorvertedto the UTM zone34 projectionusinggrd2xyz to write atext
file of elevationvaluesfor theselectedegionby geographicatoordinatespapproject
to corvertto UTM zone34,blockmedian andsurface to interpolateto a 1000mgrid
spacingroughly equivalentin W-E resolutionto the 30 secondnput data,andfinally
grd2xyz againto outputthe datafor readinginto GRASS.The GMT tool grdmask
wasalsousedto createthe maskfor Kosovo, digitizedfrom a 1:1 million thematicmap
(onwhich theline thicknessvariedwith type,leadingto potentialerrorsof roughly +
2000m.Thedatafiles outputby grd2xyz weremassagedsingawk to corvertthemto
asuitableformatfor GRASSr.in.ascii.

The versionsof the softwareusedare:Linux kernel2.0.36(RedHat5.2); GRASS
5.0beta,releaseds February1999, installed from the Linux binary from http://
www.baylor.edu/"grass — including the installation of a nonstandardibrary as



mentionedin the installationguide;the R 0.64.0sourcedistribution of 8 April 1999,
downloadedfrom http://www.ci.tuwien.ac.at/R/, configured,compiledusing
standarccompilersandlibrarieslocatedby the automaticconfigurationprocedurejn-

stalled,and supplementedy a numberof contributed packagesin particularMASS

andcluster, compiledandinstalledfrom sourcedistributionsusingthe R INSTALL

library command;andthe GMT 3.2 sourcedistribution of 19 March 1999 from

http://www.soest.hawaii.edu/gmt,compiledandinstalled,andsupplementeby
the compiling andinstallationof the optional grdraster command.The GTOPO30
datatiles WO20N90and EO20N90were acquiredfrom http://edcwww.cr.usgs.

gov/landdaac/gtopo30/gtopo30.html, andinstalledfollowing instructionsgiven
in thearchivesof the GMT discussiorist.

3 Raster dataintegration

Theresearctproblemconsiderecerehastwo majorfacetsfirstly, to testthe integra-
tion of GRASSandR with respecto floating point rastercell valuesandNAs, but not
leastimportantlyto useanexampleof arealisticsizeandformat.In the context of the
1999Kosovo crisis, the land surfacetopographyof the region cameinto sharpfocus,
bothasregardsthe plight of refugeesandthe conductof land-basegheacesnforcement
measuresKoso/o is known to posemary problemsn this respectbeingmadeup of a
numberof uplandbasindargely surroundedy mountainrangesanddrainingin three
directions:to the Adriatic in the west,to the Aegeanto the south-eastand northward
towardsthe Danube After consultingtheliteratureon quantitatve analysisof landsur
facetopographyis wasdecidedto createa selectionof indices,to exploretheir values,
andto malke a classification(Sulebak,1997,Guzzettiand Reichenbach]1994,Brown,
LuschandDuda,1998,Jones1998,ZevenbegenandThorne,1987).Sincethe purpose
of this paperis not geomorphometrgensu stricto, suffice it to notethat Joneg(1998)
findsthattheslopealgorithmimplicit in theZevenbegen/Thornepproactoutperforms
all alternatveson histestdata.

Elevationdatafor a163 x 164km region including Kosovo wasextractedfrom G-
TOPO30andcorvertedto UTM zone34 usingGMT, andimportedinto GRASS.Shift
layersfor the computatiorof Zevenbegen/Thornendices,andtheindicesthemseles,
werecalculatedisingr .mapcalc in GRASS.Theelevationdataimportedinto GRASS
werealreadyin floating point format, aswereall of the computedndices.The profile
andplan curvatureindiceswerescaledto representurvatureper 100m(negative val-
uesare concae and positive corvex), slopegradientis scaledin dimensionlessn/m
units (Zevenbegenand Thornes,1987, p. 50), elevation and local relief (maximum
- minimum elevation in a moving 3x3 window) are scaledin metres,andthe local
elevation-reliefratio (or hypsometricintegral — Pike and Wilson, 1971; heretaken
within amoving 3x 3 window) is scaledbetweerzeroandunity.

A maskrastercell layer was constructedusing the digitized bordersof Kosovo,
andimportedinto GRASSfrom GMT with zerocodingcells outsideKosovo, andone
codingthosewithin andon theborder Ther.reclass commandvasusedto replace
the zeroswith NULL values,andr .mapcalc to multiply the resultingNULL/1 layer
with the indicesto be analysedn R . Thefollowing displayshows the reportwindow



returnedoy GRASSfor theNULL/1 masklayer, indicatingthatKosoro makesup about
40% of the selectedegion. We notethatthe NULL valueis representedly anasterisk.

> system("r.report map=borderl units=c,h,k")
r.stats: 100%

| RASTER MAP CATEGORY REPORT |
|LOCATION: kosovoutm34 Thu Apr 29 19:25:49 1999|
| |
| north: 253500 east: 283500 |
|REGION south: 90500 west: 119500 |
| res: 1000 res: 1000 |
| |
|MASK :none

| |
IMAP: (untitled) (borderl in rsb) |
| |

| Category Information | celll | square |
|#|description |count| hectares|kilometers]|
| |
1 110948| 1,094,800(10,948.000]
|¥[no data. . . . . . . . . . .. ... ... 115784| 1,578,400(15,784.000]

|
| TOTAL

|
1267321 2,673,200126,732.000]

Having masledthe elevation layerandfive index layers,they weremovedto R for
furtheranalysisThe GRASSr.stats commands usedwith argumentdor the addi-
tional outputof thegrid locationsfor eachrastercell, saving a text file with eightblank
separated@olumns.As canbe seenfrom the outputof the head commandgdisplaying
thefirst few lines of the file, the NULL valuesare shavn againasasterisksFurther
more,the first cell written to file is thetop left cell, runningrightwardsalongthe top
rasterrow. The datafile is thenreadin to R usingtheread.table () commandspec-
ifying the string usedto represeniNA values.Finally, namesaregivento the columns
of the datatable.As canbe seenfrom the outputof thedim() commandyeturningthe
sizeof thedatatable,it has26732rows andeightcolumns asexpected:

> system("r.stats -1g input=kER,kLR,kPLAN100,kPROF100,kSLOPE,kTOPO
* output=morph.dat")
r.stats: 100Y%

> system("head morph.dat")

120000 253000 * * * * * *

121000 253000 * * * * * *

122000 253000 * * * * * *

123000 253000 * * * * * *

> morph <- read.table("morph.dat", na.strings="*")

> names (morph)

[1] I|v1ll Ilv2ll Ilv3ll llv4l| llvsl! Ilvsll I|v7l| I|v8ll

> names(morph) <-c("x","y","ER","LR",'"plan",'"prof","slope",'"elev")
> dim(morph)

[1] 26732 8

At this point, graphicalandstatisticalanalysiscanbegin, oncea new dataframehas
beencreatedexcludingthe NA cellsbeyondKosovo’sbordersin orderto keeparecord
of theoriginal orderingof the cells,theirnumberings first prependedo thedataframe,
andnext rows for which elevationis NA aredroppedarecopiedto dataframemorph1.
Finally, the cell numberandgrid coordinatef the NA cells are storedin a separate
dataframe,sothatthe classificatiorresultcanbe mergedbackinto the original grid.



> obsno <- 1:dim(morph) [1]

> morphno <- data.frame(obsno=obsno, morph)
> morphl <- morphno[!is.na(morphno$elev),]
> NAs <- morphno[is.na(morphno$ER),1:3]

Figure 1 shows the resultsof four graphicalanalysesf the elevation variablefor
theremainingcells.A numberof auxiliary valueswerealsousedin plotting linesonthe
figures;thesewerecalculatedirst. The computatiorof the meanandmedianelevation
is obvious;lesssois the finding of the proportionof Kososo over meanelevation, first
creatinga new dataframewith elevation valuesandtheir ranks,and next displaying
thosearoundthe mean.SinceR is alsoa calculator the proportioncould be obtained
by dividing the closestrank to the meanby the total numberof cells. The hypsomet-
ric integral is also computeddirectly. The four diagramsshavn were preparedusing
the truehist () function from the MASS packagefor the histogram,the density ()
function to calculatea Gaussiarkerneldensityestimatewith default bandwidth,a s-
tandardgeomorphometritiypsometridntegral diagramusingbuilt-in R functions,and
finally an empirical cumulative distribution function usingthe ecdf () function from
thestepfun packagdo shov how modernappliedstatisticsapproachethe sametask.
Apart from the hypsometridntegral diagram,all thesemethodsaredescribedn detalil
by Jacoby(1997).In additionto thesefunctions,graphical“icing” wasaddedusing
built-in functions,which arenot reproducechere.All of thefiguresin this paperhave
beenpreparedn R without subsequergditing.

> mean(morphi$elev)

[1] 816.4051

> median(morphi$elev)

[1] 689.452

> rmorphl <- cbind(morphi$elev, rank(morphi$elev))

> rmorphl [rmorph1[,1] > 816 & rmorphi[,1] < 816.5,]

[,11 [,2]

[1,] 816.215 7095

[2,] 816.474 7096

[3,] 816.036 7094

> 1-7096/10948

[1] 0.3518451

> (mean(morphi$elev) - min(morphi$elev))/(max(morphi$elev) - min(morphi$elev))

[1] 0.2409858

> truehist (morphi$elev, col="gray", xlab="elevation", xlim=c(0,2500))

> plot(density(morphi$elev), xlim=c(0,2500))

> rel.elev <- (morphi$elev - min(morphi$elev))/(max(morphi$elev) - min(morphi$elev))

> plot((seq(1:length(rel.elev)))/length(rel.elev), rev(sort(rel.elev)), type="1")
> plot(ecdf (morphi$elev), verticals=F, do.p=F)

Initial attemptsto usethe image () function to display the geomorphometrién-
dices— four of which areshavn in Figure2, andthatof elevationin Figure3 — were
frustratedby inversion;GRASSassumeshatall gridsbegin from top left, while R as-
sumeshatthey begin from bottomleft. Theorder () functionwasusedto generatean
orderingvector, which reversedherows of thegrid matrix to bedisplayed Finally, the
displayneededo be madesquareto retaindimensionakymmetryby settinga graph-
ics parametein par (), andreducingthe numberof columnsby oneto 163,removing
the last column on the easternside. Onceagain,graphic“icing” was added,but the
functionsusedarenotrecordechere.

> reverse <- order (morph$y, morph$x)
> ER.im <- t(matrix(morph$ER[reverse], nrow=163, ncol=164, byrow=T))
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Fig. 1. Graphicaldataanalysisof elevationin Kosovo, usinga variety of R functions.



> xseq <- seq(120000, 283000, 1000)

> yseq <- seq(91000, 253000, 1000)

> image(xseq[1:163]1, yseq, ER.im[1:163,], col=gray(15:36/36),
+ xlab="", ylab="", main="elevation-relief ratio")
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Fig. 2. Dimensionallycorrectmapsof the valuesof four geomorphologicaindicesfor Kosovo;
grid northis givenby the verticalaxes,andtheaxesarescaledn metres.

Inspectionof the distributions of the indicessuggestedhat logarithmsshouldbe
usedfor classificationin respecof elevation,slopegradientandlocalrelief. A further
dataframe was constructedor analysis,and its product-momentorrelationmatrix
computed:



> cmorph <- data.frame(cbind(log(morphi$elev), log(morphi$slope),

+ morphi$plan, morphi$prof, log(morphi$LR), morphi$ER))

> names(cmorph) <- c("log.elev", "log.slope", "plan", "prof", "log.LR", "ER")
> cor(cmorph)

log.elev log.slope plan prof log.LR ER
log.elev 1.0000000 0.61874888 0.16443093 0.22153405 0.69853665 0.23094710
log.slope 0.6187489 1.00000000 0.08993179 0.01846930 0.86781107 0.06796537
plan 0.1644309 0.08993179 1.00000000 0.58341693 0.09662602 -0.16233969
prof 0.2215341 0.01846930 0.58341693 1.00000000 0.03158738 0.11551428
log.LR 0.6985366 0.86781107 0.09662602 0.03158738 1.00000000 0.03871261
ER 0.2309471 0.06796537 -0.16233969 0.11551428 0.03871261 1.00000000

All the indiceswereretainedin this case,althoughit might have beenappropri-
ateto drop someof the highly correlatedones.The clusteringprocedurausedwasthe
clara() function from the cluster packagethe indiceswere standardisedbefore
classification Of course classifying10948objectsis a demandingask, but this func-
tion is designedo classifyarbitrarily large datasets(Kaufmanand Rousseeunl 990,
Struyf, HubertandRousseeuwl 997),usingsamplingto establishclustermediodsjt-
eratinguntil they ceasemoving, for the chosennumberof classesjn this casefive.
Accessinghe outcomeof the clusteringprocedurewe canseethe numberof obsena-
tions, andvaluesreportingresidualdissimilarity within the clusters.n our case how-
ever, mostinterestis connectedo mappingwherethe five classesarelocated.To do
this, useis madeof the dataframerecordingthe obsenationnumbersandgrid coordi-
natesof the NA grid cells, which aremeigedbackinto the classificatiorresults,after
theadditionof NA classificationvaluesfor cellsoutsideKososo. Theimagematrix file
is constructedasbefore, reversingtherow orderto accordwith R ’'s assumptionabout
grid row ordering;the outputis shovn in Figure3.

v

cmorph.clara <- clara(cmorph, k=5, stand=T)

print (data.frame(cmorph.clara$clusinfo))

size max.diss av.diss isolation

2649 5.813854 1.911473 3.218603

1717 14.698209 2.642273 4.505136

1762 11.696241 2.866027 3.229143

2396 6.671776 1.862958 3.693557

2424 5.068890 1.712805 1.982502

morph2 <- data.frame(morphl, Class=cmorph.clara$clustering)
Class.0 <- rbind(cbind(morph2[, c(1:3, 10)]1),

cbind(NAs, Class=matrix(nrow=dim(NAs)[1], ncol=1)))
Class.order <- order(Class.0$obs)

Class.1 <- Class.0[Class.order,]

Class.image <- t(matrix(Class.1$Class[reverse], nrow=163, ncol=164, byrow=T))

v

VVV+VVOaObdWNH

It is notour presenpurposeo interprettheresultsin any substantie way, but with-
out doubtperusalof suchdiagramsdoesyield quite adequatdasedor suchanalyses.
In addition,we cantatulatea seriesof valuesfor the distributionsof elevationvalues
by classificatiorclassegotherindicesarenot showvn here):

res <- tapply(morph2$elev, morph2$Class, summary)
dfres <- data.frame(matrix(unlist(res), nrow=5, ncol=6, byrow=T))
names (dfres) <- names(res$"1")
print (dfres)
Min. 1st Qu. Median Mean 3rd Qu. Max.
290.3 572.1 655.6 690.9 771.5 1811
318.1 717.0 908.7 1036.0 1298.0 2244
939.2 1223.0 1327.0 1674.0 2474
332.3 589.0 699.6 747.0 856.3 2405
293.8 428.9 505.5 495.8 558.1 1023
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Fig. 3. Elevationin Kosovo viewedtogethemwith ageomorphometriclassificationinto five sur
facetopographytypes.

Thseanalysesanbe deepenedisingfurther graphicaldataanalysistools, suchas
theboxplot function,in whichthedistributionsof eachof theindicesis conditionedcby
the classesesultingfrom this classification As canbe seenfrom Figure4, qualitatve
interpretationof the resultsis aidedby suchgraphicalmethods.In addition, it may
be mentionedthat, sinceR runsfast,it is possiblenot only to try out mary views of
the data, but also alternatve classificationsperhapswithout standardisationusing a
differentdistancametric,or withoutlogarithms,n the courseof a sessiorof interactive
analysis.

In conclusionjt remainsto shav how the classificatiorresultmay be movedback
to GRASS.Sinceour dataframeis still in the sameorderaswasreadin from GRASS,
we cangenerateheoutputmatrix directly. Next, we arerequiredby GRASSto entersix
headetinesinto thefile to be usedhevaluesgivenhave beenpastednto the concate-
nationfunction, ratherthantypedin, sincethey areall presenin the datain oneform
or other Sincethe grid coordinatesretakenby GRASSasgrid centreshalf a spacing
unit hasto beaccommodatedn eachedge. Thewec commandshows thatthe outputfile
has169linesand26744separatelataentitiesafterthe outputmatrix hasbeenwritten,
6 headedines and 163 datalines, and 12 headerentitiesand 26732dataentities. The
GRASSTr.in.ascii commands employedto move the classificationbackinto the
GRASSdatabasenotethatNULL valuesoutputby theR write () functionarecoded
NA, andthatr.in.ascii is passedhis valueasanargumentto the (undocumented)
nv option. The existenceof the optionwasestablishedy examiningthe sourcecode.
Following import, the new rastercell layerwasdisplayedusingd . rast in thenormal
fashion,andgeographicahnalysisusingalocationpointerto querychoserrastercell
layersat a givenlocation,could proceedvithout furtherdelay

> names(Class.1)
[1] "ObSnO" l|xl| Ilyl| llclass"
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Fig. 4. Boxplotsof the six geomorphometritndicesby five classificatiorclasses.



> Ncol <- table(Class.1$y) [1]

> Nrow <- table(Class.1$x)[1]

> we.range <- range(Class.1$x)

> sn.range <- range(Class.1$y)

> xstep <- (we.range[2]-we.range[1])/(Ncol-1)

> ystep <- (sn.range[2]-sn.range[1])/(Nrow-1)

> cat("north: ", sn.rangel[2]+(ystep/2), "\nsouth: ", sn.rangel[1]-(ystep/2),
+ "\neast: ", we.range[2]+(xstep/2), "\nwest: ", we.range[1]-(xstep/2),
+ "\nrows: ", Nrow, "\ncols: ", Ncol, "\n",

+ file="Class-to-grass.ascii", sep="")

> Class.GRASS <- t(matrix(Class.1$Class, nrow=Nrow, ncol=Ncol, byrow=T))

> write(Class.GRASS, file="Class-to-grass.ascii", append=T, ncolumns=Ncol)

> system("wc Class-to-grass.ascii")

169 26744 69337 Class-to-grass.ascii
> system("r.in.ascii input=Class-to-grass.ascii nv=NA output=Class
* title=classification")
CREATING SUPPORT FILES FOR Class
> system("d.rast Class")
> system("d.what.rast Class,topo,SLOPE,ER,LR,PLAN100,PROF100")

Buttons
Left: what’s here
Right: quit

155000(E) 191000 (N)

Class in rsb (1)

topo in rsb, quant  (542)

topo in rsb, actual (542.004000)

SLOPE in rsb, quant (9)

SLOPE in rsb, actual (9.449297)
ER in rsb, quant (0)
ER in rsb, actual (0.353796)
LR in rsb, quant (211)
LR in rsb, actual (210.835022)

With regardto the Kosoro example,it may alreadybe seenhow importantthe ex-
istenceof major watershedsppeardo be, with the westernzonein class5 shaving
the uplandplainsin the basinof the Beli Drin river, drainingout throughKukés,and
dividedfrom easterrKosovo by a north-souttbelt of morebrokenterrain. The eastern
basinmostly drainednorthward by theriver Sitnicatowardsthe river Ibar, while south
of UroSevac,it drainssouth-eastardvia theriver Lepanacjoining the Vardarjustwest
of Skopje. Thesethreevalleys arealsothe mainlines of communicatiorlinking Koso-
vo with its neighboursThis fifth classonly makesup 22% of the areaof the region,
however, while almost32%is in the mountainousecondandthird classes.

> system("r.report -N map=Class units=c,k,p")
r.stats: 100%

| |
|MAP: classification (Class in rsb) |

| Category Information | celll square | % |
|#ldescription |count |kilometers| coverl|
| |
I | 2649] 2649.000] 24.20]
122 | 1717| 1717.000| 15.68]|
15 1 | 1762 1762.000] 16.091
S | 23961 2396.000] 21.89]
151 o o e e e s e e e e | 2424] 2424.000] 22.14]

| |
| TOTAL 110948110,948.0001100.00 |




Finally, GRASSIs usedto checkthe visual impressionthat class5 cells tendto
neighbourclassed and4 ratherthan2 or 3 — it turnsout thatlessthan3% of neigh-
bouringcellsbelongedo the mountainouglasses:

> system("r.reclass input=Class output=Class5")

> system("r.buffer input=Class5 output=Class5b distances=1000")
> system("r.cross -z input=Class,Classbb output=C5Neigh")
> system("r.reclass input=C5Neigh output=C5Neighi")

> system("r.report -N C5Neighl units=c,p")
r.stats: 100%

| |
IMAP: Neighbours of Class 5 (C5Neighl in rsb) |
| |

| Category Information | celll %o
|#|description |count | cover|
| |
[11Class 1. . . . . . . . . . o o e e e e e e e e e e | 743] 51.92]
[2]Class 2. . . . . . . . .. oo e e e e e e e e e e | 32| 2.24|
13IClass 3. . . . . . . . . .o e e e e e e e e e e e e | 4| 0.28]
[41Class 4. . . . .« « v i i e e e e e e e e e e e e e e e | 652| 45.56]
| |

ITOTAL | 14311100.00]1

Furtheranalysiscouldbe conductedwith this dataset,but it would be of advantage
to beableto addland cover, drainageandotherdatalayers.In addition,useof higher
resolutiondatawould permitmoreof thetopographiaetailto be picked out.

4 Concluding remarks

Theexamplepresentedbove hasexercisedhe new featuref GRASS5.0neededor
statisticalanalysis:NULL valuesfor datanot available,and the floating point repre-
sentationof cell values.lt hasbeenshovn how rastercell datain theseformatsmay
be movedfrom GRASSto R andbackagain,permittingboth graphicalandstatistical
dataanalysisto be conductedbeyond the standardunctionsavailablein geographical
informationsystemslt hasfurther beendemonstratethat GRASScommandsanbe
run from within R usingthe system() function,andthatbecause is a programming
languageof substantiallygreaterpower thanthe shell usually employed in GRASS,
the commandgo be executedcanbe programmedvherethis is corvenientor appro-
priate,and saved asuserdefinedfunctionsfor future use.lt shouldalsobe notedthat
R hasa comprehensie journalling facility, both logging all commandsexecuted,and
permittingtheir interactve recallandediting.

Sincetheread.table(),write(),andsystem() functionsarecommontoR and
S (thoughsystem() is known asunix () in S), the latter software systemcould also
have beenusedfor the sameanalysisunderUnix-lik e operatingsystemsMajor GIS
systemsrun from a Unix shell, and supportingbasicrasterfunctionality, could also
have beenusedin placeof GRASS.In the caseof GIS usinggraphicaluserinterfaces,
it would have beennecessaryo run the GIS and statisticssoftwarein parallelin the
samedatadirectory ratherthannestingthe statisticsprogramwithin the GIS shell,as
wasdonehere.



Theargumentdor usingopen-sourcseoftwareasdescribedherearethreefold:first-
ly cost,easeof acquisition,andthe broadcommunity supportavailable throughdis-
cussiorlists; secondlyin the absencef fuller documentation— somethingvhich can
affect commercialsoftwaretoo, sourcecodecanbe readto determinehow exactly the
softwareis intendedo function;andthirdly thatthe usercanbothmodify the distribut-
ed sourcecode,addingextra functionality. This hasbeendonein GRASSIn the past
by creatingnew compiledcommandsbutin R is facilitatedby thefactthatit is in itself
an interpretedprogramminglanguageof substantiapower. In the caseof this exam-
ple, thefirst two argumentsapply, while thethird remainsfor developmentSuchplans
would include an interfacesuchasthat describechere,but wheredatatransferwould
be providedin theform of R functions,andwould useclassmechanismso provide for
thereliabletreatmenbf metadataandotherissueslt alsoremainsto provide adequate
mechanismdor site andvectordatalayers,andfor integrating GIS spatialdataquery
mechanismsvith R tablelookup functionality. A first stepwill beto securethe same
level of dataexchangeabilitypetweenGRASSandR asalreadyexists betweerr and
xgobi, aprogramusedfor dynamicdatavisualization.
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