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Abstract. This work presentsa panoramaof GIS integration in SpatialStatis-
tics environments.It highlightsthe current needsof communitiesconsidering
such integration. SpatialStatisticsis treatedin a context focusedon theuseof
computationaltools.A review of typesof integration is accomplishedanda new
approach is proposedintegrating thestatisticalsoftware R andtheGISlibrary
TerraLib.

1. Intr oduction
Softwaretechnologyis constantlyevolving. Computersarebecomingfaster, andsoftware
projectsmustfollow theavailability of resources.Thisscenariofavorsgreatercomplexity
of softwareprojectsallowing multidisciplinaryprogramsto combineresearchin several
knowledgeareas,likemedicine,agronomyandcivil engineering,amongothers.

GeographicInformationSystems(GIS)areanexampleof amultidisciplinarysoft-
ware.GIS compriseknowledgein areassuchascartography, databasesandsoftwareen-
gineering,amongothers.They arecapableto manipulateseveralcomplex georeferenced
datastructures.In practice,statisticalanalysisareoftennecessaryto extractusefulinfor-
mationfrom theavailabledata.For instance,methodsof spatialanalysisareparticularly
relevantto GISwhich, in general,have limited capabilityto performsuchanalysis.

On theotherhandstatisticalsoftwaresimplementspecialistalgorithmsfor spatial
statisticsneededby GIS. Typically they have a large variety of functionsandprovide a
friendly languagefor statisticalprogrammers.However, they have limited if noneat all
accessto technologiesfound in GIS, for instance,complex geographicaldatabasesand
geoprocessingalgorithms.

Integrationis techniquethatcombinessoftwarecomponentsin orderto generate
morecomplex systems.This techniqueis an ef�cient form of softwareproject,saving
timeandresources,andit enablesto usespecializedtoolsin eachareaof thewiderproject.



Tools for statisticalanalysisof spatialdataand GIS are usedin areassuchas
health,meteorology, monitoringenvironmentalandmineralexploration,amongothers
[Druck etal. 2004]. Integration betweenspatialstatisticsand GeographicInformation
Systems(GIS) canincreasethe individual effectivenessof bothsides.Thereis a couple
of statisticalprogramsimplementingspatialanalysiswithout any essentialcomponent
providedby GIS. Examplearerobustspatialdatabase,spatialmodelsandplotting algo-
rithms[Kri voruchko 2003].

Software integration can be classi�ed according to their architecturalchar-
acteristics[Zhao2002], and can be divided in three approaches: the full integra-
tion, loosecouplingandclosecoupling[Goodchildetal. 1992, Bailey andGattrell1995,
Fischeretal. 1996].An importantfactorto beconsideredin anintegrationprocessis the
level of commonknowledgenecessarytheuserto accomplishhis work. Integrationbe-
tweentwo toolsthatdoesnot requestany learningfrom theuseris moretransparent,and
thereforestronger.

In the full integrationmechanism,the statisticalanalysistools are incorporated
directly in theGIS. This is thecaseof the incorporationof thegeostatistics,K function
andkerneldensitymapin GISSPRING[Camaraetal. 1996]; andof theempiricalBayes
local andglobal estimatesin the free softwareandopensourceTerraView1. However,
this integration is not the most promisingfor more sophisticatedtechniquesof spatial
dataanalysis,becausethe inclusionof a greatnumberof spatialstatisticsfunctionsin
a GIS increasesthe complexity of the systemfor commonusers,and involves a large
investmentin softwareprogrammingandmaintenance.

In the two couplingapproaches,both softwaresevolve independently. In loose
couplingimplementations,datais exportedfrom GIS to thestatisticalanalysisprogram,
andthe resultsareexportedfor GIS for visualization.Figure1 displaysthis integration
type.Here,theuseris responsiblefor thewhole�o w of information,andhe/sheneedsto
know whodatais manipulatedin bothprograms,andalsohow to usetheprograms.

Figure 1. Loose coupling [Biv and and Neteler 2000]

The loosecouplingmodelusuallydoesnot requireany effort from theprograms
developers,becauseit only requiresa commondataformat for informationexchanging.

1http://www.dpi.inpe.br/terraview/index.php



As exampleof loosecoupling we can cite the integration of SPRINGwith SpaceStat
[Anselin1992,Camaraetal. 1996],whereSPRINGexportsdatausingavectorialformat
to beusedin SpaceStat.Anotherexampleis thecouplingof theproprietaryGIS ArcInfo
andR, the RarcInfopackage,that importsandexports �les following the ArcInfo for-
mat[Gómez-Rubio2005].However, this import/exportprocesscangenerateanoverhead
whenweneedamorecomplex dataanalysis.As many spatialqueriesarerequiredduring
thestatisticalprocessing,it is harderfor theuserto executesuchanalysis.

In theintegrationby closecoupling,thereis a strongerlinking betweenthetools,
becausethemechanismallows thecallingof statisticalproceduresdirectly from theGIS,
andvice versa.It alsoinvolvesthewriting of a programto facilitatethe integrationpro-
cess,reducingthechargeimposedto theuser[Goodchildetal. 1992]. Themechanismof
closecouplingis shown in Figure2.

Figure 2. Close coupling [Biv and and Neteler 2000]

An exampleof closecouplingis the integrationbetweenS-PLUS(by MathSoft)
andArcView (by ESRI),bothproprietarysoftwares[Baoetal. 2000]. Theauthorsimple-
mentanextensionfor ArcView, includingtwo menusin theuserinterface.But, internally
it worksasa loosecoupling,exceptby thefactthattheprogramloadsR andsendscom-
mandsto it directly.

Theintegrationof theopensourceGISGRASS(GeographicalResourcesAnalysis
SupportSystem)andR is anotherexampleof closecoupling[BivandandNeteler2000].
R canbeloadedinsideGRASSusingthepackagecalledGRASS,andGRASScommands
areexecutedin R. Onenew initiative from R/GRASScouplingis that theusercanusea
databasefor someinformationexchange.But thedatabasestoresonly attributes,andthe
userneedto know how to manipulatedatabases.

Thesecloseintegrationsexternally are betterfor the users,becausethey unify
two programsin one,but they still have the sameproblemsasloosecoupling: the data
exchanging.An interestingapproachis proposedby Fischer[Fischeretal. 1996]: a pro-
posalthatenablestheaccessdirectly from a geographicdatabaseis desirable,becauseit
allowsthesoftwaresto shareacommondatabase,without loosinghighertopologicstruc-
tures,objectidentity, metadataandotherrelationships.Noneof theaboveworks�t in this
description.

In this scope,this article presentsan R packageimplementinga closecoupling
betweenR and the geoprocessinglibrary TerraLib, calledaRT (R-TerraLib API). This
packagefollows theTerraLibdatamodel,andallows to call TerraLib functionsdirectly,
without any context exchange,becauseTerraLib is a dynamiclibrary, and it is loaded



togetherwith thepackage.It alsodoesnot useanexternal�le for informationexchange,
becauseall datais storedin a DBMS. Thepackageonly requiresfrom theuserto know
how theTerraLibspatial/temporalmodelworks.

This article is written in the following manner. R and TerraLib environments
andtheir advantagesin the integrationaredetailedin theSections2 and3, respectively.
Section4presentsaRT package,couplingTerraLibinsideof R,andSection5 weconclude
anddiscussfutureworks.

2. R Project

The statisticalprogramR2 is an opensourcetool underGPL. R is a languageanden-
vironmentfor statisticalcomputingandgraphics,within which statisticaltechniquesare
implemented.TheR programis a commandinterpreter, andthe interpretedlanguageis
referredasadialectof theawardwinningS language[R DevelopmentCoreTeam2005].

R implementsa greatdiversity of statisticalmethods,which areavailablein the
form of packages.The packagesare developedby membersof the project, as by the
community. Thereis a setof basicpackagessuppliedwith theR distribution andmany
moreareavailablethroughtheCRAN family of Internetsites3, whichcoversaverywide
rangeof modernstatistics.All R packagescited in this sectionarecalledrecommended
or contributed,andthey areavailableatCRAN.

Many classicalandmodernstatisticaltechniquesareimplementedin R environ-
ment.As exampleof areasandtheirpackagesfor spatialanalysiswecancite:

Point pattern analysis: spatstatpackageallows to de�ne regionsof interest,andmakes
extensionsto marked processesandspatialcovariates. Its strengthsaremodel-
�tting andsimulation.Thesplancspackagealsoallows point datato beanalyzed
within a polygonalregion of interest,and covers many methods,including 2D
kerneldensities.ashpackagehasfunctionsfor binningpointsongrids.

Geostatistics: The gstatpackageprovidesa wide rangeof functionsfor univariateand
multivariategeostatistics,alsofor largerdatasets,while geoRandgeoRglmcon-
tain functionsfor model-basedgeostatistics.A similar wide rangeof functions
canbefoundin the�elds package.
TheRandomFieldspackageprovidesfunctionsfor thesimulationandanalysisof
random�elds. For diagnosticsof variograms,the vardiagpackagecanbe used.
The spatialCovariancepackagesupportsthe computationof spatialcovariance
matricesfor dataon rectangles.

Diseasemapping and arealdata analysis: DClusterpackagedetectsspatialclustersof
diseases.spdeppackageprovides functionsfor spatialautocorrelationfor areal
datalikeMoran's I, andfunctionsfor �tting spatialregressionmodels.

Ecologicalanalysis: grasperpackageprovidesenvironmentalpredictionfunctionsusing
GAM, ade4hasexploratoryandEuclideanmethodsin theenvironmentalsciences,
adehabitatallows the analysisof habitatselectionby animals,pastecsdoesthe
regulation,decompositionandanalysisof space-timeseries,andveganprovides
ordinationmethodsandotherusefulfunctionsfor communityandvegetationecol-
ogists.

2http://www.r- project.org
3http://cran.r- project.org



Amongall thesepackagesthatmanipulatespatialdata,is importantto cite thesp
initiative. sp comesto supplythe lack of a commondatastructurefor handlingspatial
datain R, andprovidesdatastructuresfor spatialobjects. It is a new initiative, andthe
authorshopethatpackagesjoin theinitiative quickly.

R workswith datastoredin memory, andit canbea problemwhenwe uselarge
datasets.A way to skirt this problemis using an external databaseaccess,for exam-
ple PostgreSQLor MySQL [BivandandNeteler2000]. ThereareR packagesenabling
databaseaccess,asRMySQLandRPgSQL,but all of themrequireSQLlanguageto work
with, becausedatahave to bemanuallypushed,andtheusermusthave a databasemod-
elling knowledgefor workingwith alargeamountof tables.It becomesevenharderwhen
workingwith spatial/temporaldatabases,whenweneeddifferenttablesto storeattributes
andgeometry, andthey needto belinkedin someway.

3. The TerraLib Library
TerraLib is a library of C++ classesthat offers functionsanddatastructuresfor build-
ing customizedgeographicalapplications.TerraLib is anopensourceandfreesoftware,
and its main objective is to provide a powerful environmentfor GIS developmentin a
new generationof GIS,onceit incorporatesspace-timesupportto conventionalDatabase
ManagementSystems(DBMS).

The philosophy of TerraLib developmentis to use the currentmechanismsof
theC++ language,for exampleStandardTemplateLibrary (STL), parameterizedclasses
andmulti-paradigmprogramming(genericprogramming,objectorientationanddesign
patterns)[Vinhasetal. 2002]. Thegeographicaldatamodelof TerraLib is a conceptual
modelof geographicaldatabasein which theprocessingalgorithmsarewritten.

A TerraLibdatabaseisarepositoryof informationthatcontemplatesthegeograph-
ical dataandtheir organizationalmodel.TerraLibsupportssomecommercialandpublic
domainDBMS. A DBMS needonly to have thecapacityto storelongbinary�elds, or an
own extensionsupportingabstractspatialtypes,for supportingTerraLib. Theaccessto a
TerraLibdatabaseis implementedin a virtual classcalledTeDatabase.It containsmeth-
ods for creating,populatingandqueryinga database.Concreteclasses,calleddrivers,
specializeTeDatabase,andeachclassimplementsthe inherentfeaturesneededby one
DBMS to supportTerraLib functionality. Therefore,TerraLibenablesusingits geopro-
cessingfunctionswithoutcareaboutwhichDBMS is storingthedata.A classdiagramof
TerraLibsupportedDBMS's is shown in Figure3.

Figure 3. Class Diagram ([Casano va et al. 2005])

The conceptualmodel of a TerraLib databaseis composedby several entities.



Herewedescribesomeof them[Casanovaetal. 2005]:

Layer: a collection of spatial information locatedon the samegeographicalareaand
sharingattributes. Eachlayermaycontainany typeof geometry, andall objects
havethesamespatialprojection.Layersdoesnotstoreattributesdirectly, but they
canhave attribute tables. Examplesof layersarethematicmaps,cadastralmaps
of geographicalobjectsandrasterdata.

Attrib ute Table: a collection of non-geographicaldata. Thereis several kinds of at-
tributetablesin TerraLib. Eachrecordof astatictablerefersto onespatialobject.
External tablesstoreinformationnot linked to any geometry. Temporal tables
manipulateinformationwhereattributesand(or) geometrycanchangewith the
time.

Theme: built from a layerdata,a themecancontainall thelayer, or asubsetof thelayer
objects,selectedby a temporal,spatialor attributerestriction.It canselectoneor
morelayertables,joining them.Themesarealsousedin TerraLib-basedGIS for
visualizeandclassifythedata,andfor temporalslicing.

View: a containerof themes.It hasanassociatedprojection,andthenthemedatawith
differentprojectionsareconvertedto theview'sprojectionbeforedrawing. There-
fore a view indicatesthat thereis no projectionproblemswhendrawing all its
themesin asameplotting. Eachthemeis associatedto one,andonly one,view.

TerraLib alsoallows to executedatabasequeriesin a proxy way, retrieving the
contentof a layer or themein parts, insteadof all objectsonce. This queriescan be
executedusingthemes,andthereforethey usethe temporal/spatial/attribute restrictions
of thetheme.

4. aRT

aRT (R-TerraLibAPI4) is anR packagefor integratingR to TerraLib. It implementssome
classesencapsulatingTerraLibobjectsandfunctionsinto R objects,andits mainobjective
is to enabletheaccessto theTerraLibentitiesin a easyandtransparentway to R users.
TheactualaRT version(0.4-1)implementssevenclasses,describedasfollows:

aRTconn: representsavirtual DBMA connection.It canperformsomedatabaseadmin-
istrationtasks,andmanipulatesaRTdbobjects.

aRTdb: storesa real connectionto a DBMA database,andcanopen/createaRTlayers.
Only thisobjectcanremoveTerraLibobjectsfrom thedatabase.

aRTlayer: representsan information layer inside a database.In aRT, eachlayer ma-
nipulatesonly onetype of geometry, andit is capableto executespatialqueries
asmetricsandrelations.Although it cannotmanipulateattributes,following the
TerraLibmodel,it canopen/createaRTtables,aRTthemesandaRTqueriers.

aRTtable: storesa databasetable,anddatais manipulatedusingdata.frames.Eachta-
ble hasonespeci�c type, following the typesestablishedin theTerraLibmodel.
Tablesretrievedatato anR userwithoutany attributerestriction.

aRTtheme: createdfrom an aRTlayer, it joins the selectedtables,andchooseattribute
restrictions.It canalsocreateaRTquerierobjects.

aRTquerier: encapsulatesa databasequery. If it is createdfrom a temporaltheme,then
a temporalslicing canbe de�ned. It retrievesdataoneby one,slideby slide (if
temporal),insteadof all attributes/geometryonce,aslayersandtables.

4http://www.est.ufpr.br/aRT



aRTvisual: de�nesacolorsandstylecon�gurationto beusedin aRTthemes.It is useful
whenusingaRT with otherTerraLibbasedsoftwareto visualizetheresultsstored
in adatabase.

aRT implementsthe dataexchangeto the databaseusingthe sp format, to facil-
itate usingdataanalysisfrom otherpackages.Actually, aRT is available in Linux and
Windows,andit supportsconnectionsonly to MySQL.

We illustratetheusageof aRT performinga geostatisticalanalysison datastored
on a database.The databasecontainsa datasetwith calciumcontentmeasuredin soil
samplestakenfrom the0-20cmlayerat 178locationswithin a certainstudyareadivided
in threesub-areas.Theelevationat eachlocationwasalsorecorded.The �rst region is
typically �ooded duringtherainseasonandnotusedasanexperimentalarea.Thecalcium
levelswould representthenaturalcontentin theregion. Thesecondregion hasreceived
fertilizers a while agoandis typically occupiedby rice �elds. The third region hasre-
ceivedfertilizersrecentlyandis frequentlyusedasanexperimentalarea[Capeche1997].

First a connectionwith a MySQL DBMS is establishedat the localhostanduser
”pedro”. With theDBMS connection,wecanopenthedatabase,calledca20.

> conn = openConn(user = "pedro", host = "localhost")

Trying to connect ... yes

> db = openDb(conn, "ca20")

Connecting with database 'ca20' ... yes
Loading layer set of database 'ca20' ... yes
Loading view set of database 'ca20' ... yes

When the connectionis established,somemetadataaboutthe layer and view setsare
loadedin theTerraLibobject.NotethattheR objectdoesnotneedto havethesamename
of thedatabase.Therearetwo geometricentities(pointsandregions)storedin two layers
whichcanbelistedandopenedusingdb.

> showLayers(db)

[1] "lpoints" "lpolygons"

> lpoints = openLayer(db, "lpoints")

Opening layer 'lpoints' ... yes

> lpols = openLayer(db, "lpolygons")

Opening layer 'lpolygons' ... yes

Plottingof thisdatais shown in Figure4 andgeneratedby thefollowing commands:

> plot(lpols)
> plot(lpoints, add = T)

The�rst layercontains178pointsandanattributetable(taltitude)with measure-
mentsof calciumcontentandtheelevationof eachpoint. Thesecondstoresthreepoly-
gons,representingthesub-regions.To getthedatafrom thetableweneedto openit from
thelayer.



Figure 4. Visualization of the data from the database ca20

> lpoints

Object of class aRTlayer

Layer: "lpoints"
Number of polygons: 0
Number of lines: 0
Number of points: 178
Layer does not have raster data
Projection Name: "NoProjection"
Projection Datum: "Spherical"
Projection Longitude: 0
Projection Latitude: 0
Tables:

"taltitude": static

> tpoints = openTable(lpoints, "taltitude")

Opening table 'taltitude' from layer 'lpoints' ... yes

> tpoints

Object of class aRTtable

Table: "taltitude"
Type: static



Layer: "lpoints"
Rows: 178
Attributes:

id: string[16] (key)
data: real
altitude: real

To loadthedatainsideR weusethelayersto getthegeometryandchoosethetable
to get theattributes. As we do not want to getany attribute from the layerof polygons,
wecanreadthedatausingonly thelayerasargument.

> data = getPoints(lpoints, tpoints)
> pols = getPolygons(lpols)

As an exampleof aRT functionalitiesof spatialqueries,we calculateto which
polygoneachpointbelongsto. Thiswill beusedasacovariatein thedataanalysis.

> pointsid = getID(data)
> polsid = getID(pols)
> areas <- vector("integer", length(pointsid))
> for (i in 1:length(polsid)) {
+ y = getRelation(lpoints, "within", lpols,
+ id = polsid[i])
+ for (j in 1:length(y)) areas[which(pointsid ==
+ y[j])] = polsid[i]
+ }

Calculating a spatial relation on layer 'lpoints' ... yes
Calculating a spatial relation on layer 'lpoints' ... yes
Calculating a spatial relation on layer 'lpoints' ... yes

Thisdatacanbeaddedto thedatabaseasanew columnof thestatictable:

> newdata = data.frame(cbind(id = pointsid, area = areas))
> updateColumns(tpoints, newdata)

Checking for column 'area' in table 'taltitude' ... no
Creating column 'area' in table 'taltitude' ... yes
Converting 2 attributes to TerraLib format ... yes
Converting 178 rows to TerraLib format ... yes
Updating columns of table 'taltitude' ... yes

> tpoints

Object of class aRTtable

Table: "taltitude"
Type: static
Layer: "lpoints"
Rows: 178
Attributes:

id: string[16] (key)



data: real
altitude: real
area: string[1]

As thedataconsistsof threepolygonswe now createa polygonrepresentingthe
bordersof theareawhich resultsfrom theunionof thethreeoriginal polygonsusingthe
functiongetSetOperation.

> border = getSetOperation(lpolygons, "union",
+ id = polsid)

Fromthedatarecoveredfrom thedatabasewebuild anobjectof theclassgeodata
calledca20which is convenientfor usingfunctionsin thegeoRpackagefor geostatistical
analysis.

> ca20 = as.geodata(data, data.col = 2, covar.col = 3)
> ca20$covariate$area = factor(areas)

> ml3 <- likfit(ca20, ini = c(100, 500), trend = ˜area)
> border = border@polygons[[1]]@Polygons[[1]]@coords
> border = as.data.frame(border)
> loc0 <- pred_grid(border, by = 10)
> loc.area <- rep(NA, nrow(loc0))
> f = function(x) pols@polygons[[x]]@Polygons[[1]]@coords
> l = lapply(1:3, f)
> loc.area[.geoR_inout(loc0, as.data.frame(l[[1]]))] <- 1
> loc.area[.geoR_inout(loc0, as.data.frame(l[[2]]))] <- 2
> loc.area[.geoR_inout(loc0, as.data.frame(l[[3]]))] <- 3
> loc.area <- as.factor(loc.area)
> KC <- krige.control(trend.d = ˜area, trend.l = ˜loc.area,
+ obj = ml3)
> kc <- krige.conv(ca20, loc = loc0, krige = KC,
+ bor = border)
> georpred <- .prepare.graph.kriging(locations = loc0,
+ borders = border, values = kc$pred)

Thepredictionby kriging methodsresultsin a rasterwhichcanbestoredin thedatabase.

> lraster = createLayer(db, "lraster")

Building projection to layer 'lraster' ... yes
Creating layer 'lraster' ... yes

> addRaster(lraster, georpred)

Initializing the raster ... yes
Adding raster data to layer 'lraster' ... yes
Reloading tables of layer 'lraster' ... yes

Finally, we createsomethemesallowing for directvisualizationfrom TerraView.
Views arenot importantto aRT, thereforethereis not a classto encapsulateit, andwe
only useanamewhenbuilding a theme.



> thpoints = createTheme(lpoints, "points", view = "view")

Checking for theme 'points' in layer 'ca20' ... no
Creating theme 'points' on layer 'lpoints' ... yes
Checking for view 'view' in database 'ca20' ... no
Creating view 'view' ... yes
Inserting view 'view' in database 'ca20' ... yes
Checking tables of theme 'points' ... yes
Saving theme 'points' ... yes
Building collection of theme 'points' ... yes

> thpols = createTheme(lpols, "polygons", view = "view")

Checking for theme 'polygons' in layer 'ca20' ... no
Creating theme 'polygons' on layer 'lpolygons' ... yes
Checking for view 'view' in database 'ca20' ... yes
Checking tables of theme 'polygons' ... yes
Saving theme 'polygons' ... yes
Building collection of theme 'polygons' ... yes

> setVisual(thpols, visualPolygons(color = "black",
+ transp = "100"))
> thraster = createTheme(lraster, "raster", view = "view")

Checking for theme 'raster' in layer 'ca20' ... no
Creating theme 'raster' on layer 'lraster' ... yes
Checking for view 'view' in database 'ca20' ... yes
Checking tables of theme 'raster' ... yes
Saving theme 'raster' ... yes

> setVisual(thraster, visualRaster(terrain.colors(15)),
+ mode = "raster")

Thegeneratedvisualizationis shown in Figure5. Wecanseethestatictablewith
thenew attributein thebottomof theFigure.

5. Conclusionsand Futur eWork
Thisarticlediscusstheneedfor integrationbetweenstatisticalsoftwaresandGIS.Joining
this two technologiesstrengthensbothsidesandincreasestheir individual andcommon
effectiveness.Theintegrationcanbeimplementedusingfull integrationor throughmech-
anismsof loosecouplingandclosecoupling.

A new integrationmodelbasedin a geographicdatabaseis implemented.The
accessis executedthroughTerraLibwith TerraLibcomponentsbeinguseddirectly asR
objects.Thiswaywecanaccessthedatabasein aeasymannerandexecutegeoprocessing
functionswhile readingdatafrom thedatabase.Theintegrationincreasestherobustness
of both technologiesallowing for executionof morecomplex tasksand improving the
qualityof theresults.

BeingTerraLibanongoingproject,assoonasit presentsnew geoprocessingmod-
elsandalgorithmsaccessto themcanbeimplementedin aRT keepingthepackageusers
up-to-datedwith theadvancesin geoprocessing.



Figure 5. Visualization of the result using TerraVie w
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