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Abstract. Gearaphicalinformationsystemg¢GIS)and statisticalsoftwake can
enhancdheir functionalityusingead other capabilities. This paperdescribes
an ernvironmentfor coupling the statistical program R and the GIS library
TerraLib. Theimplementatiorusesand adaptsthe padkage aRT beingthe key
aspecthefactthatbothapplicationsshae a databaseonnectiorwhich is used
for exchanginginformation. The GIS can sendcommandso be executedby R,
retrieving the resultsdirectly from the database An ervironmentfor both im-
plementatioragents,statisticiansand programmes, is therefore providedwork
togetherusingtheir ownskills, and a third agent,the nal user havingaccess
to R functionsthrougha friendly interface

1. Intr oduction

Coupling betweenGeographidnformation Systems(GIS) and statisticalsoftwareis a
topic of relevancenowadaysgiventhe necessityo provide to botheachothercapabilities.
Statisticalsoftware canbene t from spatialqueries storagecapacity dataarrangements
and manipulationof geographicobjectsfrom a GIS. Suchfunctionality can be usedto
build relevant covariateinformation,neighboringnformationfor spatialanalysisamong
others.GIS canbene t from specializedstatisticalmethodsandmodelsin generalwith
primary intereston topicssuchas: geostatistic§Goovaerts1997, globalandlocal spa-
tial patterngGetisandOrd 1996], analysisof point patterns[Diggle 2003], and spatial
statistican general[Bailey andGattrell 1995 Cressiel991].

R is a language and ervironment for graphics and statistical analysis
[R DevelopmeniCoreTeam2005. The languagetools, interfacesandwidely usedsta-
tistical proceduresreavailablein the coreof the software. Add-on padkageshave been
developedimplementingfurther topics, specializedmethodsand functionalities. R has
grown asatypical Internetprojectwith contribtutorsfrom all over the world andthe de-
velopments very muchactive with constantupdatesandnew contritutions. Oneof the
advantage®f this mechanisms the continuoussnhancemeruf R resourcesncorporat-
ing cuttingedgestatisticalmethodologyR is anopen-sourc@rojectandadministeredy
TheR Foundationfor StatisticalComputing

R has packagesimplementing statistical methodsrelated to topics relevant
to GIS needs. For instance, within the scope of spatial statistics the package
geoR [Ribeiro Jr. andDiggle 2001 (among others) implementsmodels for continu-
ous spatial variation (geostatistics),spdep [Bivand2003 for areadata and splancs



[Rowlingsonetal. 2005 andspatstafBaddeleg etal. 2005]for analysisof pointprocess.
Beingafreesoftware,R enablesmplementingaccessnterfacesto (andfrom) otherpro-
gramsin anoptimizedway usingits sharedibrary. Integrationwith R goesbeyondjust
supplyingcurrentneedsfor statisticalcomputation:it cankeepthe GIS always up-to-
datedwith recentresearclanddevelopmeniof statisticalmodelingof spatialdata.

In the literature, there are two typical ways of implementingintegration be-
tween GIS and R. The rst approachis to generateR packagedor information ex-
change.Someexamplesincludethe packagessRASS[BivandandNeteler200q, RAr-
clnfo [Gbmez-Rubi®200§ andaRT [AndradeNetoetal. 2005. Theseimplementations
requiresthatanuserof suchtools needshave familiarity with the R language Therefore
thesepackagesiretargetedto statisticiansand/orR users put not mostof the GIS users.

A secondapproactfor theintegrationtriesto avoid the necessityof the GIS user
beinga pro cient R userin orderto accessts resourcesThis is typically implemented
building graphicalinterfacesand calling R functionsin the backgroundas for example
in [OnoandMurayama2003 Tait etal. 2004]. Both of theseworks describean already
implementedool andtheir functionality althoughnot covering how to aggreate new
functionalities.Yet anotherfeatureis thefactthey use les to exchanganformationwith
R.

Herewe suggestinotherapproacho the integrationproblembasedon two basic
featured(i) it is meantfor a non-Ruserhowever still allowing for incorporationof new
functionalitiesandnot con ned to a pre-de nedsetof toolsalreadyimplementedand(ii)
aDatabaséManagemengystemgDBMS) is theinterfacefor dataexchange TerraLibis
a setof classesandfunctionsfor building customizeds1S [Camaraetal. 2004 applica-
tions. It is alsoanopensourceprojectandthe mainpurposes to searchor development
of anew GIS generationpbasedmainly in theDBMS. The TerraLibmodelstoresdatain a
databasandthis featureenablesclosecouplingwith othersprogramausingthe database
asatool for informationexchanging.

Bearingin mindthatTerraLibis alibrary for building customizedslS, this article
looksfor anervironmentwhich providesR asalibrary for statisticalanalysisnsideTer-
raLib. Thekey pointto be addresseds: givena particularstatisticalanalysiswhich can
beperformedn R, how to incorporatét into a TerraLibbasedapplication?This coupling
mustsatisfyrequirementsndobey thelimits of thethreedifferentintegrationagents:

1. statistician®or R usersin generalwho implementmethodsof dataanalysisusing
R and wrap them generatingTerralib coupablefunctions, without having arny
knowledgeof TerraLibprogramming;

2. TerraLibprogrammersanquickly developinterfacedor callingwrappedR code,
which consistsbasicallyof functionsanda descriptionof their aguments. This
canbe donewithout knowing aboutR internalssuchasmemoryallocation,data
structuresamongothers.

3. nal usersof a TerraLibbasedapplicationswill be capableto performdataanal-
ysisimplementedn R, without knowing the R syntaxor even without noticing
theiranalysisareexecutedby R.

Themainobjective of thisarticleis to presenfanervironmentsupportinghis pro-
cessusingaDBMS for informationexchangebetweerthe GISandR. Section? presents
descriptionof packageaRT andhow to generatdunctionsto be coupled.Theintegrating



ernvironmentis introducedn Section3 andSection4 providesdetailsontheimplementa-
tion andresults.Closingremarksandtheactualstageof theprojectaregivenin Sectionb.

2. R Scripts for Data Analysis

This Sectiondescribeghe R environmentshaving how datacanbe analyzedwithin it.
ThepackageaRT is usedasa bridgefor informationexchangewith a TerraLibdatabase.
This mechanisnwill allow the R accesgrom TerraLibpresentedn the next Section.

Ris aninterpreteffor adialectof Slanguagelevelopedoy JohnChambersThere-
fore, R analysiscanbe written in a scriptformat. An outputfrom a particulartype of a
spatialdataanalysisobtainedby usingR is illustratedby Figurel. Theleft paneldisplays
thedatato beanalyzedvhich consistof rainfall measurementsikenat 143meteorologi-
cal stationdocatedat Parara state Brazil. Thestatebordersarealsoshovn in the Figure.
Therefore,in this case,dataconsistsof the stationslocationsas punctualcoordinates,
rainfall measurementst eachlocationswhich aretheattributesassociateavith the points
anda polygonde ning the stateborders. The right paneldisplaysa map of predicted
rainfall overtheentirestate.The predictionswereobtainedusinga geostatisticainterpo-
lation methodknown askriging and,in this case computeddy functionsimplementedn
thepackagegeoR.

Figure 1. Example of spatial data analysis

For suchanalysisR needsa way to accesshe datasourcewhetheror not stored
in a database.Our objectve hereis to discusshow to incorporatesuchanalysisinto
TerraLih To doso,let's assumehatthis datais initially storedin a DBMS. Within R we
usethepackageRT to accesshedatastoredin a TerraLibdatabaseThefunctionsin the
packagaRT encapsulategerralibobjectsnto R variablesandcanexecutespatialand/or
temporalqueriesover thedatabasesingTerraLih Trying to beatranspareninterfaceto
the dataanalyst,aRT manipulateslatafollowing the dataformatde ned by the package
sp[PebesmandBivand2004. This packagerovidesdatastructuredor spatialobjects
andproviding anuniforminterfacefor handlingspatialdatain R.



A typical scriptto ary statisticalanalysisusingaRT canbe dividedin four basic
steps:

establisha connectiorwith thedatabase;

loaddatainto R, including executinggeoprocessinfunctionsif needed;
performstatisticaldataanalysiswithin R;

storeresultsin thedatabase.

ProObdPRE

Oneschemati@xampleof anR codeto performthenecessargnalysisvhichgen-
erategrigurel startingfrom a TerraLibdatabasendusingthe packageaRT is shavn in
Figure2. Blanklinesseparatehe four stepsmentionedabove. In the rst step,aDBMS

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)
| = createlLayer(db, "Iraster"”)

addRaster(l, raster)

thraster = createTheme(l, "themeraster")

Figure 2. An example of an R analysis using aRT

connections establishe@ndtheR objectconn storegheinformationabouttheconnec-
tion. Fromthis a connectiorto a particulardatabasés opened.Therelevantdatafor this
exampleinvolvestwo geometriespointsandpolygons,with attributesassociatedo the
former Thesearestoredin two TerraLib's themego which a connections established
allowing for the datatransfer In a secondsteppoints, their attributesandthe polygon
areloadedinto R. From this follows the third stepwherethe statisticalanalysisper se
is performed. In the examplethe R functionis calledkrige() = encapsulatesneor a
sequencef callsto R functionsfor geostatisticabnalysis. The nal stepassumeshe
goalhereis simply to incorporatethe mapof predictionsto the databaseTo do soa new
TerraLiblayer is createdo storetherastey the rasterdatais addedto the databaseanda
new themeis alsocreatedrom R allowing visualizethe datafrom TerraLibapplications.
Notice that an analysisfollowing this format doesnot needto returnary value because
all informationis exchangedisingthe database.

InternallyaRT usesTerraLibobjectsin a completelytransparentvay to R users.
Thekey TerraLibobjectis thedatabaseonnectioncalledTeDatabase ). An objectof
this classstoresnot only adatabaseonnectiorbut alsometa-databbjectsreferringto the
databaseontent. As for the exampleshowvn in Figure2 db internally storesa database
connectiompointer All objectscreatedrom it storea pointerto thesameTeDatabase .
It is alsoimportantto noticethat TeDatabase objectsareusedin all TerraLib-based
GISto connecto databases.



3. Coupling Speci cation

Thereis notasingleway to implementaninterfaceto R from TerraLih In this sectionwe
examinesomealternatvesandjustify our choice.

A fastandintuitive way to incorporatea function as describedn the previous
sectionwould be simply to executethe hole scriptinside R followed by gettingthe re-
sultsfrom the database.However, this is not an ef cient implementatiorbecauseaRT
establishegs own databaseonnectiorand,aftertheanalysisthe meta-dataf the GIS's
connectionto the databasevould be inconsistentforcing a reconnectionwhich takes
computingtime.

A secondalternatve is to readthe datafrom the databaseyuseaRT corverters
to build R objectsin memory andthensendthemto R for the analysis.This solutionis
ef cient in termsof executing but it wouldimply in afurtherwork to TerraLibdevelopers.

aRT usesTerraLibobjectsto establisithe connectiorto databasesik e any other
TerraLib-basedIS. Thereforewe proposeayet anothersolutionwhich differsfrom the
above in thefactthatbothapplicationsharethe samedatabaseonnection Provide they
usethesameleDatabase objectthereis noconcurrencewhichensuresheconsistenyg
of theobject.

It is necessaryo standardizehe way on how the R scriptsfor dataanalysisare
written to be easilyincorporatednto TerraLib by its developers. In our proposalthey
mustbe codi ed asfollows. All analysisscriptmusthave a mainfunction,thatreceves
asarmgumentsa databaseonnectionand all necessanamgumentsthat can be corverted
to a string easily Theseargumentsmay containnamesof databaselementsvhereto
load and/orsave data,and somenumericvalues,typically thresholds.For example,the
analysisof Figure2 canbeencapsulateth afunctionasshawvn in Figure3. Thisfunction
getsasargumentghedatabaseonnectiorandfour otherargumentswith namesof alayer
andthemesOncea statisticianmplementghedataanalysisusingaRT to dataexchange,
he or shemustcornvert thefunctionto this format,andthenwrite a documentatiorabout
eachargumentto beusedby TerraLibprogrammers.

tIKriege = function(db, tpointsname, tcontourname,
Irastername, trastername) {
thpoints = openTheme(db, tpointsname)
thborder = openTheme(db, tbordername)
points = getPoints(thpoints)
border = getPolygons(thborder)
data = getData(thpoints)
raster = krige(points, border, data)
| = createLayer(db, Irastername)
addRaster(l,raster)
thraster = createTheme(l, trastername)
return(invisible())
}

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

One disadwantageof this methodresidesin the fact that oncean R functionis



calledthe executionervironmentis changedand TerralLib geoprocessinfunctionscan
only be executedthroughaRT. However it is defensiblepecaus®nestatisticiancanpro-
totypeanalysiswith the functionif he or shehasaccesgo it usingaRT. Therefore aRT
mustimplementthe call of all geoprocessinfunctionsneededy theanalysis.

4. Implementation

Forimplementingheproposecdrnvironment,therearesomestructuralchangesieededn
aRT packageo supportthe integration. We changedhe packageo enablethe creation
of objectsusingTeDatabase from outsideR. Also, asthis objectwasnot allocatedin
R, it cannotbe removedfrom memoryby the R garbagecollector

A new TerralLib classis necessaryor accessingR and executefunctions. This
classmusthave threefunctions,describedasfollows:

Initialize the environment: initialize R, andloadthe necessarpackagesndfunctions.

Declarea TeDatabase : This operationimplementsthe databaseonnectionsharing
betweerthetwo programs.

Executea command: ThisfunctioncallsanR function,following theformatdescribed
in the last Section. It returnsa string with an error code. If the stringis empty
the operationwassuccessfullyexecuted. This avoids any programmeicontrol of
R returningvalues.

For this implementationon the TerraLib side, we built a class named
TeRwrapper . To loadR andexecutecommandsye usedthe accesgprovided by MyR
library [AndradeNetoetal. 2004, in suchawaythatTerraLibcanbeusedto call R func-
tionsastheonedescribedn Figure3. An exampleof a C++ codeto executethis function
canbeseenn Figure4. As we allocatea TeRwrapper object,theR environmentis ini-
tializedandall functionsareloaded.A TeDatabase is declarednto R usingfunction
declareDatabase , thatrecevesthe objectnameinsideR asadditionalargument.A
stringwith the function calling is built usingdatachosenby the user andthenit is exe-
cutedin R with execute . If this functionreturnsan error code,the programanalyzes
it andreportsthe errorto the user If not, it simply callsa redrav eventto actualizethe
screenWith this, theintegrationmodelis complete anda graphicaldescriptionof it can

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

Rwrapper = new TeRwrapper();

Rwrapper->declareDatabase(db, "db");

asprintf(&str, "tIKrige(db,%s,%s,%0s,%s)",
themepoints.c_str(), themeborder.c_str(),
layerraster.c_str(), themeraster.c_str());

error = Rwrapper->execute(str);

if(error I= "

OnPaint();

Figure 4. Calling an R function using TeRwrapper



bevisualizedin Figure5. Both applicationssharea TeDatabase object,whichenables
the databaseccess.The TerraLib-basedsIS hascontrol over R, sendcommandgo be

executedandreceve errorcodes.Thereforejt characterizea closecouplingintegration

[BivandandNeteler2004d.

TeDatabase

Initialize,
Commands,
TeDatabase sharing

GIS R

Error

Data Data

Figure 5. Coupling schema

As initial testfor this interface,we developeda C++ programisolatedfrom ary
graphicinterface.lt manipulatea TeDatabase in thesameway of Terralew andaRT.
This programrecevesfrom the keyboardlayersandthemesiameso be used/generated.
Then,akriging analysigs called,andtheresultof this operationcanbevisualizedin Ter
raView program,asshavn in Figure6. NotethataRT alonecould executethis operation
andgeneratdhe sameresult,andin factaRT doesthat, but the focusnow is how to use
this functionalitywithoutarny R knowledge.
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Figure 6. Plotting an R analysis in TerraView



5. Conclusionsand Futur e Work

This article describesan on going projectseekingfor integratinga GIS toolkit TerraLib
andthe statisticalsoftware R. aRT packageenablesan integratedanalysiservironment
allowing accesgrom R to TerraLibdatabaseandfunctions.lIt givesa powerful analysis
ernvironmentfor statisticsprofessionalsenablingstatisticalmodellingtogethemwith geo-
processindunctionsin anef cient mannerBeingR manipulatiomottrivial for themajor
GIS userswe proposea processandervironmentfor aggreating R statisticalfunctions
into TerraLibbasedprogramsjn away thatbothimplementatioragentsstatisticiansand
programmersgcanwork togetherfocusingon their own skills, andathird agentthe nal
user caneasilyuseR functionsthroughafriendly interface.Therefore statisticalanalysis
cannow be prototypedwriting R functionsinsteadof a TerraLib/C++ervironment,and
theresultcanbeaggreatedto TerralLih

This ervironmentalsofollows oneof the main TerraLib projectpurposesto en-
ablebuilding customizedGIS. Only the R functionsneededo solve a speci ¢ problem
will beusedin the GIS. If suchanalysisdoesnotexistin R, it canbe prototypedusingR
andthenintegratedto the GIS.

Two further developmentscanbe addedto the integrationprocess.Oneis to in-
corporatethe integratedenvironmentinto TerraMew providing a morefriendly interface
to the user The otheris to de ne a documentatiodanguageor specify R functionsin
suchaway thatit would be possibleto generateart of the graphicalinterfaceanderror
handlingautomatically
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