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Abstract. Geographicalinformationsystems(GIS)andstatisticalsoftware can
enhancetheir functionalityusingeach othercapabilities.Thispaperdescribes
an environmentfor coupling the statistical program R and the GIS library
TerraLib. Theimplementationusesandadaptsthepackage aRTbeingthekey
aspectthefact thatbothapplicationssharea databaseconnectionwhich is used
for exchanginginformation.TheGIScansendcommandsto beexecutedby R,
retrieving the resultsdirectly from the database. An environmentfor both im-
plementationagents,statisticiansandprogrammers, is therefore providedwork
togetherusingtheir ownskills, anda third agent, the �nal user, havingaccess
to R functionsthrougha friendly interface.

1. Intr oduction

Coupling betweenGeographicInformationSystems(GIS) and statisticalsoftware is a
topicof relevancenowadaysgiventhenecessityto provideto botheachothercapabilities.
Statisticalsoftwarecanbene�t from spatialqueries,storagecapacity, dataarrangements
andmanipulationof geographicobjectsfrom a GIS. Suchfunctionality canbe usedto
build relevantcovariateinformation,neighboringinformationfor spatialanalysisamong
others.GIS canbene�t from specializedstatisticalmethodsandmodelsin general,with
primary intereston topicssuchas: geostatistics[Goovaerts1997], globalandlocal spa-
tial patterns[GetisandOrd1996], analysisof point patterns[Diggle 2003], andspatial
statisticsin general[Bailey andGattrell1995, Cressie1991].

R is a language and environment for graphics and statistical analysis
[R DevelopmentCoreTeam2005]. The languagetools, interfacesandwidely usedsta-
tistical proceduresareavailablein thecoreof thesoftware. Add-onpackageshave been
developedimplementingfurther topics,specializedmethodsandfunctionalities. R has
grown asa typical Internetprojectwith contributorsfrom all over theworld andthede-
velopmentis very muchactive with constantupdatesandnew contributions. Oneof the
advantagesof this mechanismis thecontinuousenhancementof R resourcesincorporat-
ing cuttingedgestatisticalmethodology. R is anopen-sourceprojectandadministeredby
TheRFoundationfor StatisticalComputing.

R has packagesimplementing statistical methodsrelated to topics relevant
to GIS needs. For instance, within the scope of spatial statistics the package
geoR [RibeiroJr. andDiggle2001] (among others) implementsmodels for continu-
ous spatial variation (geostatistics),spdep [Bivand2005] for area data and splancs



[Rowlingsonetal. 2005] andspatstat[Baddeley etal. 2005]for analysisof pointprocess.
Beinga freesoftware,R enablesimplementingaccessinterfacesto (andfrom) otherpro-
gramsin anoptimizedway usingits sharedlibrary. Integrationwith R goesbeyondjust
supplyingcurrentneedsfor statisticalcomputation:it cankeepthe GIS alwaysup-to-
datedwith recentresearchanddevelopmentof statisticalmodelingof spatialdata.

In the literature, there are two typical ways of implementingintegration be-
tween GIS and R. The �rst approachis to generateR packagesfor information ex-
change.SomeexamplesincludethepackagesGRASS[BivandandNeteler2000], RAr-
cInfo [Gómez-Rubio2005] andaRT [AndradeNetoetal. 2005]. Theseimplementations
requiresthatanuserof suchtoolsneedshave familiarity with theR language.Therefore
thesepackagesaretargetedto statisticiansand/orR users,but notmostof theGISusers.

A secondapproachfor theintegrationtriesto avoid thenecessityof theGIS user
beinga pro�cient R userin orderto accessits resources.This is typically implemented
building graphicalinterfacesandcalling R functionsin the backgroundasfor example
in [OnoandMurayama2003, Tait etal. 2004]. Both of theseworksdescribeanalready
implementedtool and their functionality, althoughnot covering how to aggregatenew
functionalities.Yet anotherfeatureis thefactthey use�les to exchangeinformationwith
R.

Herewe suggestanotherapproachto theintegrationproblembasedon two basic
features(i) it is meantfor a non-Ruserhowever still allowing for incorporationof new
functionalitiesandnotcon�ned to apre-de�nedsetof toolsalreadyimplementedand(ii)
aDatabaseManagementSystems(DBMS) is theinterfacefor dataexchange.TerraLibis
a setof classesandfunctionsfor building customizedGIS [Camaraetal. 2004] applica-
tions. It is alsoanopensourceprojectandthemainpurposeis to searchfor development
of anew GISgeneration,basedmainly in theDBMS. TheTerraLibmodelstoresdatain a
databaseandthis featureenablesclosecouplingwith othersprogramsusingthedatabase
asa tool for informationexchanging.

Bearingin mindthatTerraLibis a library for building customizedGIS,thisarticle
looksfor anenvironmentwhich providesR asa library for statisticalanalysisinsideTer-
raLib. Thekey point to beaddressedis: givena particularstatisticalanalysiswhich can
beperformedin R, how to incorporateit into aTerraLibbasedapplication?Thiscoupling
mustsatisfyrequirementsandobey thelimits of thethreedifferentintegrationagents:

1. statisticiansor R usersin general,who implementmethodsof dataanalysisusing
R and wrap them generatingTerraLib coupablefunctions,without having any
knowledgeof TerraLibprogramming;

2. TerraLibprogrammerscanquickly developinterfacesfor callingwrappedR code,
which consistsbasicallyof functionsanda descriptionof their arguments.This
canbedonewithout knowing aboutR internalssuchasmemoryallocation,data
structures,amongothers.

3. �nal usersof a TerraLibbasedapplicationswill becapableto performdataanal-
ysis implementedin R, without knowing the R syntaxor even without noticing
theiranalysisareexecutedby R.

Themainobjectiveof thisarticleis to presentanenvironmentsupportingthispro-
cessusingaDBMS for informationexchangebetweentheGISandR.Section2 presentsa
descriptionof packageaRT andhow to generatefunctionsto becoupled.Theintegrating



environmentis introducedin Section3 andSection4 providesdetailson theimplementa-
tion andresults.Closingremarksandtheactualstageof theprojectaregivenin Section5.

2. R Scripts for Data Analysis

This Sectiondescribesthe R environmentshowing how datacanbe analyzedwithin it.
ThepackageaRT is usedasa bridgefor informationexchangewith a TerraLibdatabase.
Thismechanismwill allow theR accessfrom TerraLibpresentedin thenext Section.

R is aninterpreterfor adialectof Slanguagedevelopedby JohnChambers.There-
fore, R analysiscanbewritten in a script format. An outputfrom a particulartypeof a
spatialdataanalysisobtainedby usingR is illustratedby Figure1. Theleft paneldisplays
thedatato beanalyzedwhichconsistsof rainfall measurementstakenat143meteorologi-
calstationslocatedatParańastate,Brazil. Thestatebordersarealsoshown in theFigure.
Therefore,in this case,dataconsistsof the stationslocationsas punctualcoordinates,
rainfall measurementsateachlocationswhicharetheattributesassociatedwith thepoints
anda polygonde�ning the stateborders. The right paneldisplaysa mapof predicted
rainfall over theentirestate.Thepredictionswereobtainedusingageostatisticalinterpo-
lationmethodknown askriging and,in this case,computedby functionsimplementedin
thepackagegeoR.

Figure 1. Example of spatial data analysis

For suchanalysisR needsa way to accessthedatasourcewhetheror not stored
in a database.Our objective hereis to discusshow to incorporatesuchanalysisinto
TerraLib. To do so,let's assumethatthis datais initially storedin a DBMS. Within R we
usethepackageaRT to accessthedatastoredin aTerraLibdatabase.Thefunctionsin the
packageaRT encapsulatesTerraLibobjectsinto R variablesandcanexecutespatialand/or
temporalqueriesover thedatabaseusingTerraLib. Trying to bea transparentinterfaceto
thedataanalyst,aRT manipulatesdatafollowing thedataformatde�ned by thepackage
sp[PebesmaandBivand2005]. This packageprovidesdatastructuresfor spatialobjects
andproviding anuniform interfacefor handlingspatialdatain R.



A typical script to any statisticalanalysisusingaRT canbedivided in four basic
steps:

1. establishaconnectionwith thedatabase;
2. loaddatainto R, includingexecutinggeoprocessingfunctionsif needed;
3. performstatisticaldataanalysiswithin R;
4. storeresultsin thedatabase.

Oneschematicexampleof anR codeto performthenecessaryanalysiswhichgen-
eratesFigure1 startingfrom a TerraLibdatabaseandusingthepackageaRT is shown in
Figure2. Blank linesseparatethefour stepsmentionedabove. In the�rst step,a DBMS

conn = openConn()
db = openDb(conn, "dbname")
thpoints = openTheme(db, "themepoints")
thcontour = openTheme(db, "themecontour")

points = getPoints(thpoints)
contour = getPolygons(thcontour)
data = getData(thpoints)

raster = krige(points, contour, data)

l = createLayer(db, "lraster")
addRaster(l, raster)
thraster = createTheme(l, "themeraster")

Figure 2. An example of an R analysis using aRT

connectionis establishedandtheR objectconn storestheinformationabouttheconnec-
tion. Fromthis a connectionto a particulardatabaseis opened.Therelevantdatafor this
exampleinvolvestwo geometries:pointsandpolygons,with attributesassociatedto the
former. Thesearestoredin two TerraLib's themesto which a connectionis established
allowing for the datatransfer. In a secondsteppoints, their attributesandthe polygon
are loadedinto R. From this follows the third stepwherethe statisticalanalysisper se
is performed. In the examplethe R function is calledkrige() encapsulatesoneor a
sequenceof calls to R functionsfor geostatisticalanalysis. The �nal stepassumesthe
goalhereis simply to incorporatethemapof predictionsto thedatabase.To do soa new
TerraLiblayer is createdto storetheraster, therasterdatais addedto thedatabaseanda
new themeis alsocreatedfrom R allowing visualizethedatafrom TerraLibapplications.
Notice that an analysisfollowing this format doesnot needto returnany valuebecause
all informationis exchangedusingthedatabase.

InternallyaRT usesTerraLibobjectsin a completelytransparentway to R users.
Thekey TerraLibobjectis thedatabaseconnection(calledTeDatabase ). An objectof
thisclassstoresnotonly adatabaseconnectionbut alsometa-dataobjectsreferringto the
databasecontent.As for theexampleshown in Figure2 db internallystoresa database
connectionpointer. All objectscreatedfrom it storeapointerto thesameTeDatabase .
It is alsoimportantto noticethat TeDatabase objectsareusedin all TerraLib-based
GIS to connectto databases.



3. Coupling Speci�cation
Thereis notasinglewayto implementaninterfaceto R from TerraLib. In thissectionwe
examinesomealternativesandjustify ourchoice.

A fast and intuitive way to incorporatea function as describedin the previous
sectionwould be simply to executethe hole script insideR followed by gettingthe re-
sults from the database.However, this is not an ef�cient implementationbecauseaRT
establishesits own databaseconnectionand,aftertheanalysis,themeta-dataof theGIS's
connectionto the databasewould be inconsistent,forcing a reconnectionwhich takes
computingtime.

A secondalternative is to readthe datafrom the database,useaRT converters
to build R objectsin memory, andthensendthemto R for theanalysis.This solutionis
ef�cient in termsof executing,but it wouldimply in afurtherwork toTerraLibdevelopers.

aRT usesTerraLibobjectsto establishtheconnectionto databases,like any other
TerraLib-basedGIS.Therefore,weproposeayetanothersolutionwhichdiffersfrom the
above in thefactthatbothapplicationssharethesamedatabaseconnection.Provide they
usethesameTeDatabase objectthereis noconcurrence,whichensurestheconsistency
of theobject.

It is necessaryto standardizethe way on how the R scriptsfor dataanalysisare
written to be easily incorporatedinto TerraLib by its developers. In our proposalthey
mustbecodi�ed asfollows. All analysisscriptmusthave a mainfunction,that receives
asargumentsa databaseconnectionandall necessaryargumentsthat canbe converted
to a string easily. Theseargumentsmay containnamesof databaseelementswhereto
loadand/orsave data,andsomenumericvalues,typically thresholds.For example,the
analysisof Figure2 canbeencapsulatedin afunctionasshown in Figure3. This function
getsasargumentsthedatabaseconnectionandfour otherargumentswith namesof alayer
andthemes.Onceastatisticianimplementsthedataanalysis,usingaRT to dataexchange,
heor shemustconvert thefunctionto this format,andthenwrite a documentationabout
eachargument,to beusedby TerraLibprogrammers.

tlKriege = function(db, tpointsname, tcontourname,
lrastername, trastername) {

thpoints = openTheme(db, tpointsname)
thborder = openTheme(db, tbordername)

points = getPoints(thpoints)
border = getPolygons(thborder)
data = getData(thpoints)

raster = krige(points, border, data)

l = createLayer(db, lrastername)
addRaster(l,raster)
thraster = createTheme(l, trastername)
return(invisible())

}

Figure 3. Encapsulating commands for an analysis in an R function

One disadvantageof this methodresidesin the fact that oncean R function is



calledthe executionenvironmentis changedandTerraLib geoprocessingfunctionscan
only beexecutedthroughaRT. However it is defensible,becauseonestatisticiancanpro-
totypeanalysiswith the function if heor shehasaccessto it usingaRT. Therefore,aRT
mustimplementthecall of all geoprocessingfunctionsneededby theanalysis.

4. Implementation

For implementingtheproposedenvironment,therearesomestructuralchangesneededin
aRT packageto supportthe integration. We changedthepackageto enablethecreation
of objectsusingTeDatabase from outsideR. Also, asthis objectwasnot allocatedin
R, it cannotberemovedfrom memoryby theR garbagecollector.

A new TerraLib classis necessaryfor accessingR andexecutefunctions. This
classmusthave threefunctions,describedasfollows:

Initialize the envir onment: initialize R, andloadthenecessarypackagesandfunctions.
Declarea TeDatabase : This operationimplementsthe databaseconnectionsharing

betweenthetwo programs.
Executea command: This functioncallsanR function,following theformatdescribed

in the last Section. It returnsa string with an error code. If the string is empty,
theoperationwassuccessfullyexecuted.This avoidsany programmercontrolof
R returningvalues.

For this implementation on the TerraLib side, we built a class named
TeRwrapper . To loadR andexecutecommands,we usedtheaccessprovidedby MyR
library [AndradeNetoetal. 2004], in suchawaythatTerraLibcanbeusedto call R func-
tionsastheonedescribedin Figure3. An exampleof aC++codeto executethis function
canbeseenin Figure4. As weallocateaTeRwrapper object,theR environmentis ini-
tializedandall functionsareloaded.A TeDatabase is declaredinto R usingfunction
declareDatabase , thatreceivestheobjectnameinsideR asadditionalargument.A
stringwith the functioncalling is built usingdatachosenby theuser, andthenit is exe-
cutedin R with execute . If this function returnsanerrorcode,theprogramanalyzes
it andreportstheerror to theuser. If not, it simply callsa redraw event to actualizethe
screen.With this, theintegrationmodelis complete,anda graphicaldescriptionof it can

TeDatabase* db;
char* str;
TeRwrapper* Rwrapper;
string error;
...

Rwrapper = new TeRwrapper();
Rwrapper->declareDatabase(db, "db");
asprintf(&str, "tlKrige(db,%s,%s,%s,%s)",

themepoints.c_str(), themeborder.c_str(),
layerraster.c_str(), themeraster.c_str());

error = Rwrapper->execute(str);
if(error != "") ...

OnPaint();

Figure 4. Calling an R function using TeRwrapper



bevisualizedin Figure5. BothapplicationsshareaTeDatabase object,whichenables
thedatabaseaccess.TheTerraLib-basedGIS hascontrolover R, sendcommandsto be
executedandreceive errorcodes.Therefore,it characterizesa closecouplingintegration
[BivandandNeteler2000].

DBMS

GIS R

TeDatabase

Initialize,
Commands,
TeDatabase sharing

Data

Data

Data

Error

Figure 5. Coupling schema

As initial testfor this interface,we developeda C++ programisolatedfrom any
graphicinterface.It manipulatesaTeDatabase in thesamewayof TerraView andaRT.
This programreceivesfrom thekeyboardlayersandthemesnamesto beused/generated.
Then,akriging analysisis called,andtheresultof thisoperationcanbevisualizedin Ter-
raView program,asshown in Figure6. NotethataRT alonecouldexecutethis operation
andgeneratethesameresult,andin factaRT doesthat,but the focusnow is how to use
this functionalitywithoutany R knowledge.

Figure 6. Plotting an R analysis in TerraVie w



5. Conclusionsand Futur eWork

This articledescribesanon goingprojectseekingfor integratinga GIS toolkit TerraLib
andthe statisticalsoftwareR. aRT packageenablesan integratedanalysisenvironment
allowing accessfrom R to TerraLibdatabasesandfunctions.It givesa powerful analysis
environmentfor statisticsprofessionals,enablingstatisticalmodellingtogetherwith geo-
processingfunctionsin anef�cient manner. BeingR manipulationnottrivial for themajor
GIS users,we proposea processandenvironmentfor aggregatingR statisticalfunctions
into TerraLibbasedprograms,in away thatbothimplementationagents,statisticiansand
programmers,canwork togetherfocusingon their own skills, anda third agent,the�nal
user, caneasilyuseR functionsthroughafriendly interface.Therefore,statisticalanalysis
cannow beprototypedwriting R functionsinsteadof a TerraLib/C++environment,and
theresultcanbeaggregatedto TerraLib.

This environmentalsofollows oneof themainTerraLibprojectpurposes:to en-
ablebuilding customizedGIS. Only the R functionsneededto solve a speci�c problem
will beusedin theGIS. If suchanalysisdoesnot exist in R, it canbeprototypedusingR
andthenintegratedto theGIS.

Two furtherdevelopmentscanbeaddedto the integrationprocess.Oneis to in-
corporatethe integratedenvironmentinto TerraView providing a morefriendly interface
to the user. The otheris to de�ne a documentationlanguagefor specifyR functionsin
sucha way that it would bepossibleto generatepartof thegraphicalinterfaceanderror
handlingautomatically.
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