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Abstract. Thiswork presentsa panoamaof GIS integration in Spatial Statis-
tics ervironments.It highlightsthe current needsof communitieonsidering
sud integration. Spatial Statisticsis treatedin a context focusedon the useof
computationatools. A review of typesof integrationis accomplished@nda nev
appmoad is proposedntegrating the statisticalsoftwae R andthe GISlibrary
TerraLib.

1. Intr oduction

Softwaretechnologyis constantlyevolving. Computersarebecomingasterandsoftware
projectsmustfollow theavailability of resourcesThis scenaridavorsgreatercompleity
of software projectsallowing multidisciplinaryprogramsto combineresearchin several
knowledgeareas]ike medicine,agronomyandcivil engineeringamongothers.

GeographidnformationSystemgGIS) areanexampleof amultidisciplinarysoft-
ware. GIS compriseknowledgein areassuchascartograply, databaseandsoftwareen-
gineering,amongothers.They arecapableo manipulateseveralcomplex georeferenced
datastructuresin practice statisticalanalysisareoftennecessaryo extractusefulinfor-
mationfrom the availabledata. For instance methodsof spatialanalysisareparticularly
relevantto GIS which, in generalhave limited capabilityto performsuchanalysis.

Ontheotherhandstatisticalsoftwaresimplementspecialistalgorithmsfor spatial
statisticsneededby GIS. Typically they have a large variety of functionsand provide a
friendly languagdor statisticalprogrammersHowever, they have limited if noneat all
accesdo technologiedoundin GIS, for instance complex geographicatiatabaseand
geoprocessinglgorithms.

Integrationis techniquethat combinessoftware componentsn orderto generate
more complex systems.This techniqueis an ef cient form of software project, saving
timeandresourcesandit enabledo usespecializedoolsin eachareaof thewider project.



Tools for statisticalanalysisof spatialdataand GIS are usedin areassuchas
health, meteorology monitoring ervironmentaland mineral exploration, amongothers
[Druck etal. 2004. Integration betweenspatial statisticsand Geographicnformation
SystemdqGIS) canincreasehe individual effectivenessof both sides. Thereis a couple
of statisticalprogramsimplementingspatialanalysiswithout ary essentiakcomponent
provided by GIS. Examplearerobust spatialdatabasespatialmodelsandplotting algo-
rithms[Krivoruchlo 2003.

Software integration can be classi ed accordingto their architecturalchar
acteristics[Zhao2003, and can be divided in three approaches:the full integra-
tion, loosecouplingandclosecoupling[Goodchildetal. 1992 Bailey andGattrell1995
Fischeretal. 1996]. An importantfactorto be consideredn anintegrationprocesss the
level of commonknowledgenecessaryhe userto accomplishhis work. Integrationbe-
tweentwo toolsthatdoesnot requestary learningfrom the useris moretransparentand
thereforestronger

In the full integration mechanismthe statisticalanalysistools are incorporated
directly in the GIS. This is the caseof the incorporationof the geostatisticsK function
andkerneldensitymapin GIS SPRING[Camaraetal. 1994; andof theempiricalBayes
local and global estimatesn the free software and opensourceTerraMew?!. However,
this integrationis not the most promisingfor more sophisticatedechniquesof spatial
dataanalysis,becausehe inclusionof a greatnumberof spatialstatisticsfunctionsin
a GIS increaseshe compleity of the systemfor commonusers,andinvolves a large
investmenin softwareprogrammingandmaintenance.

In the two coupling approacheshoth softwaresevolve independently In loose
couplingimplementationsgatais exportedfrom GIS to the statisticalanalysisprogram,
andthe resultsare exportedfor GIS for visualization. Figure 1 displaysthis integration
type. Here,theuseris responsibldor thewhole o w of information,andhe/sheneedso
know who datais manipulatedn bothprogramsandalsohow to usethe programs.
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Figure 1. Loose coupling [Bivand and Neteler 2000]

Theloosecouplingmodelusuallydoesnot requireary effort from the programs
developers,becausat only requiresa commondataformatfor informationexchanging.

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



As example of loose coupling we can cite the integration of SPRINGwith SpaceStat
[Anselin 1992,Camareetal. 1996],whereSPRINGexportsdatausinga vectorialformat
to beusedin SpaceStatAnotherexampleis the couplingof the proprietaryGIS Arcinfo
andR, the RarcInfo packagethat imports and exports les following the Arcinfo for-
mat[Gomez-Rubid2005]. However, thisimport/export processangeneratenoverhead
whenwe needamorecomplex dataanalysis.As mary spatialqueriesarerequiredduring
the statisticalprocessingit is harderfor the userto executesuchanalysis.

In theintegrationby closecoupling,thereis a strongeiinking betweerthetools,
becaus¢he mechanisnallows the calling of statisticalprocedureslirectly from the GIS,
andvice versa.lt alsoinvolvesthe writing of a programto facilitatethe integrationpro-
cessreducingthechageimposedo theuser[Goodchildetal. 199. Themechanisnof
closecouplingis shavn in Figure?2.
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Figure 2. Close coupling [Bivand and Neteler 2000]

An exampleof closecouplingis theintegrationbetweenS-PLUS(by MathSoft)
andArcView (by ESRI),bothproprietarysoftwaresBao etal. 200Q. Theauthorample-
mentanextensionfor ArcView, includingtwo menusn theuserinterface.But, internally
it worksasaloosecoupling,exceptby the factthatthe programloadsR andsendscom-
mandgto it directly.

Theintegrationof theopensourceGIS GRASS(GeographicaResourcegnalysis
SupportSystem)andR is anotherexampleof closecoupling[BivandandNeteler2000].
R canbeloadedinsideGRASSusingthe packagealledGRASS ,andGRASScommands
areexecutedin R. Onenew initiative from R/GRASScouplingis thatthe usercanusea
databaséor someinformationexchange But the databasatoresonly attributes,andthe
userneedto know how to manipulatedatabases.

Theseclose integrationsexternally are betterfor the users,becausehey unify
two programsin one, but they still have the sameproblemsasloosecoupling: the data
exchanging.An interestingapproachs proposedy Fischer[Fischeretal. 1996]: a pro-
posalthatenableghe accesglirectly from a geagraphic databasés desirable pecauset
allowsthe softwaresto shareacommondatabaseyithoutloosinghighertopologicstruc-
tures,objectidentity, metadatandotherrelationshipsNoneof theabose works t in this
description.

In this scope,this article presentsan R packagemplementinga closecoupling
betweenR andthe geoprocessingjbrary TerralLib, calledaRT (R-TerraLib API). This
packagedollows the TerraLib datamodel,andallows to call TerraLib functionsdirectly,
without arny context exchange becauselerralLibis a dynamiclibrary, andit is loaded



togethemwith the packagelt alsodoesnot useanexternal le for informationexchange,
becausall datais storedin a DBMS. The packageonly requiresfrom the userto know
how the TerraLibspatial/temporamnodelworks.

This article is written in the following manner R and TerralLib environments
andtheir advantagesn the integrationaredetailedin the Section2 and 3, respectrely.
Sectiord presentsRT packagegouplingTerraLibinsideof R, andSections we conclude
anddiscusdutureworks.

2. R Project

The statisticalprogramR? is an opensourcetool underGPL. R is a languageand en-
vironmentfor statisticalcomputingandgraphicswithin which statisticaltechniquesare
implemented.The R programis a commandnterpretey andthe interpretedanguages
referredasadialectof theawardwinning S languaggR DevelopmeniCoreTeam2005].

R implementsa greatdiversity of statisticalmethodswhich are availablein the
form of packages.The packagesare developedby membersof the project, as by the
community Thereis a setof basicpackagesuppliedwith the R distribution andmary
moreareavailablethroughthe CRAN family of Internetsites’, which coversavery wide
rangeof modernstatistics.All R packagegitedin this sectionarecalledrecommended
or contrituted,andthey areavailableat CRAN.

Many classicaland modernstatisticaltechniquesreimplementedn R erviron-
ment.As exampleof areasandtheir packagegor spatialanalysiswe cancite:

Point pattern analysis: spatstapackageallows to de ne regionsof interestandmalkes
extensionsto marked processesnd spatialcovariates. Its strengthsare model-
tting andsimulation. The splancgackagealsoallows point datato be analyzed
within a polygonalregion of interest,and covers mary methods,including 2D
kerneldensitiesashpackagéhasfunctionsfor binningpointson grids.

Geostatistics: The gstatpackageprovidesa wide rangeof functionsfor univariateand
multivariategeostatisticsalsofor larger datasetswhile geoRandgeoRglmcon-
tain functionsfor model-basedjeostatistics.A similar wide rangeof functions
canbefoundin the elds package.

The RandomFieldpackageprovidesfunctionsfor the simulationandanalysisof
random elds. For diagnosticsf variogramsthe vardiagpackagecanbe used.
The spatialCeariancepackagesupportsthe computationof spatial covariance
matricesfor dataon rectangles.

Diseasamapping and areal data analysis: DClusterpackagedetectsspatialclustersof
diseases.spdeppackageprovides functionsfor spatialautocorrelatiorfor areal
datalike Moran's |, andfunctionsfor tting spatialregressiormodels.

Ecologicalanalysis: graspepackagegrovideservironmentalpredictionfunctionsusing
GAM, adesdhasexploratoryandEuclidearmethodsn theervironmentalsciences,
adehabitatllows the analysisof habitatselectionby animals,pastecsdoesthe
regulation,decompositiorand analysisof space-timeseries,andvegan provides
ordinationmethodsandotherusefulfunctionsfor communityandvegetationecol-
ogists.

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



Amongall thesepackageshatmanipulatespatialdata,is importantto cite the sp
initiative. sp comesto supplythe lack of a commondatastructurefor handlingspatial
datain R, andprovidesdatastructuredor spatialobjects. It is a new initiative, andthe
authorshopethatpackage$oin theinitiative quickly.

R workswith datastoredin memory andit canbe a problemwhenwe uselarge
datasets.A way to skirt this problemis using an external databaseaccessfor exam-
ple PostgreSQLlor MySQL [BivandandNeteler200qJ. ThereareR packagesnabling
databasaccessasRMySQL andRPgSQL but all of themrequireSQL languageo work
with, becausealatahave to be manuallypushedandthe usermusthave a databasenod-
elling knowledgefor workingwith alargeamountof tables.lt becomesvenhardemwhen
working with spatial/temporaflatabasesyhenwe needdifferenttablesto storeattributes
andgeometryandthey needto belinkedin someway.

3. The TerraLib Library

TerraLibis a library of C++ classeghat offers functionsand datastructuresor build-
ing customizedyeographicaapplications.TerraLibis an opensourceandfree software,
andits main objectve is to provide a powerful environmentfor GIS developmentin a
new generatiorof GIS, onceit incorporatespace-timesupportto conventionalDatabase
Managemen8ystemgDBMS).

The philosoply of TerraLib developmentis to usethe currentmechanismf
the C++ languagefor exampleStandardlemplateLibrary (STL), parameterizedlasses
and multi-paradigmprogramming(genericprogramming,objectorientationand design
patterns)Vinhasetal. 2002]. The geographicatiatamodelof TerraLibis a conceptual
modelof geographicatlatabasén which the processinglgorithmsarewritten.

A TerraLibdatabases arepositoryof informationthatcontemplatethegeograph-
ical dataandtheir organizationalmodel. TerraLib supportssomecommercialandpublic
domainDBMS. A DBMS needonly to have the capacityto storelong binary elds, oran
own extensionsupportingabstracspatialtypes,for supportingTerraLibh Theaccesdo a
TerraLibdatabasés implementedn a virtual classcalled TeDatabaselt containsmeth-
odsfor creating,populatingand queryinga database.Concreteclassesgcalled drivers,
specializeTeDatabaseand eachclassimplementsthe inherentfeaturesneededoy one
DBMS to supportTerraLib functionality Therefore,TerraLib enablesusingits geopro-
cessingunctionswithout careaboutwhich DBMS is storingthedata.A classdiagramof
TerraLibsupportedBMS'sis shavn in Figure3.
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Figure 3. Class Diagram ([Casanova et al. 2005])

The conceptualmodel of a TerraLib databasas composedoy several entities.



Herewe describesomeof them[Casanwaetal. 2009:

Layer: a collection of spatialinformationlocatedon the samegeographicabreaand
sharingattributes. Eachlayer may containary type of geometryandall objects
have the samespatialprojection.Layersdoesnot storeattributesdirectly, but they
canhave attribute tables Examplesof layersarethematicmaps,cadastramaps
of geographicabbjectsandrasterdata.

Attrib ute Table: a collection of non-geographicatlata. Thereis several kinds of at-
tributetablesin TerraLih Eachrecordof a statictablerefersto onespatialobject.
Externaltablesstoreinformation not linked to any geometry Tempoal tables
manipulateinformationwhereattributesand (or) geometrycanchangewith the
time.

Theme: built from alayerdata,athemecancontainall thelayer, or asubsebf thelayer
objects,selectedby atemporal,spatialor attributerestriction.It canselectoneor
morelayertables joining them. Themesarealsousedin TerraLib-basedsIS for
visualizeandclassifythe data,andfor temporalslicing.

View: a containerof themes.It hasan associategrojection,andthenthemedatawith
differentprojectionsarecorvertedto theview's projectionbeforedraving. There-
fore a view indicatesthat thereis no projectionproblemswhen drawing all its
themesn asameplotting. Eachthemeis associatedlo one,andonly one,view.

TerralLib also allows to executedatabasejueriesin a proxy way, retrieving the
contentof a layer or themein parts,insteadof all objectsonce. This queriescan be
executedusingthemes,andthereforethey usethe temporal/spatial/attrilite restrictions
of thetheme.

4. aRT

aRT (R-TerraLibAPI%) is anR packagdor integratingR to TerralLih It implementssome
classencapsulatingerraLibobjectsandfunctionsinto R objects andits mainobjectve
is to enablethe accesdo the TerralLib entitiesin a easyandtransparentay to R users.
TheactualaRT version(0.4-1)implementssevenclassesgescribedasfollows:

aRTconn: representavirtual DBMA connectionlt canperformsomedatabas@dmin-
istrationtasks,andmanipulateaRTdb objects.

aRTdb: storesarealconnectionto a DBMA databaseandcanopen/creataRTlayers.
Only this objectcanremorve TerraLibobjectsfrom the database.

aRTlayer: representsn information layer inside a database.In aRT, eachlayer ma-
nipulatesonly onetype of geometryandit is capableto executespatialqueries
asmetricsandrelations. Althoughit cannotmanipulateattributes,following the
TerraLibmodel,it canopen/creataRTtables.aRTthemesandaRTqueriers.

aRTtable: storesa databaseable,anddatais manipulatedusingdata.framesEachta-
ble hasonespeci c type, following the typesestablishedn the TerraLib model.
Tablesretrieve datato anR userwithout ary attributerestriction.

aRTtheme: createdfrom an aRTlayer, it joins the selectedables,and chooseattribute
restrictions.It canalsocreateaRTquerierobjects.

aRTquerier: encapsulateadatabaseguery If it is createdrom atemporaltheme then
atemporalslicing canbe de ned. It retrievesdataoneby one,slide by slide (if
temporal),insteadof all attributes/geometrpnce,aslayersandtables.

“http:/lwww.est.ufpr.br/aRT



aRTvisual: de nesacolorsandstylecon gurationto beusedin aRTthemesit is useful
whenusingaRT with otherTerraLibbasedsoftwareto visualizetheresultsstored
in adatabase.

aRT implementsthe dataexchangeto the databaseisingthe sp format, to facil-
itate using dataanalysisfrom other packages.Actually, aRT is availablein Linux and
Windows, andit supportsconnection®nly to MySQL.

We illustratethe usageof aRT performinga geostatisticahnalysison datastored
on a database.The databaseontainsa datasetwith calciumcontentmeasuredn soll
samplegakenfrom the 0-20cmlayerat 178locationswithin a certainstudyareadivided
in threesub-areasThe elevation at eachlocationwasalsorecorded.The rst regionis
typically ooded duringtherainseasorandnotusedasanexperimentabrea.Thecalcium
levels would representhe naturalcontentin the region. The secondregion hasreceved
fertilizers a while agoandis typically occupiedby rice elds. The third region hasre-
ceivedfertilizersrecentlyandis frequentlyusedasanexperimentakrea Capechel997].

Firsta connectiorwith a MySQL DBMS is establisheat the localhostanduser
"pedro”. With the DBMS connectionwe canopenthe databasegalledcaZ20.

> 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 establishedsomemetadataaboutthe layer and view setsare
loadedin the TerraLibobject.Notethatthe R objectdoesnotneedto have thesamename
of thedatabaseTherearetwo geometricentities(pointsandregions)storedin two layers
which canbelistedandopenedusingdb.

> showLayers(db)

[1] "Ipoints” "[polygons"

> |points = openLayer(db, "Ipoints")

Opening layer ‘lpoints' .. yes

> |pols = openLayer(db, "Ipolygons")

Opening layer ‘Ipolygons' .. yes

Plotting of this datais shavn in Figure4 andgeneratedby the following commands:
> plot(lpols)

> plot(Ipoints, add = T)

The rst layercontainsl78pointsandanattribute table(taltitude)with measure-
mentsof calciumcontentandthe elevation of eachpoint. The secondstoresthreepoly-
gons,representinghesub-rgions. To getthedatafrom thetablewe needto openit from
thelayer



Figure 4. Visualization of the data from the database ca20

> |points

Object of class aRTlayer

Layer: "Ipoints"

Number of polygons: O

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 ‘Ipoints' .. yes
> tpoints

Object of class aRTtable

Table: "taltitude”
Type: static



Layer: "Ipoints"

Rows: 178

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

ToloadthedatainsideR we usethelayersto getthegeometryandchoosehetable
to getthe attributes. As we do not wantto getary attribute from the layer of polygons,
we canreadthe datausingonly thelayerasargument.

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

As an exampleof aRT functionalitiesof spatialqueries,we calculateto which
polygoneachpointbelonggo. Thiswill beusedasa covariatein the dataanalysis.

> pointsid = getlD(data)

> polsid = getiD(pols)

> areas <- vector("integer", length(pointsid))

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

+ y = getRelation(lpoints, "within", Ipols,

+ id = polsid[i])

+ for ( in Ll:length(y)) areas[which(pointsid ==

+ yliD] = polsid[i]

+}

Calculating a spatial relation on layer ‘lpoints' .. Yyes
Calculating a spatial relation on layer ‘lpoints' .. yes
Calculating a spatial relation on layer ‘lpoints’' .. yes

This datacanbe addedo thedatabasasa nen columnof the statictable:

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

Checking for column ‘area’ in table ‘taltitude’ ... ho
Creating  column ‘area’ in table ‘taltitude’ .. yes
Converting 2 attributes to TerraLib format .. vyes
Converting 178 rows to TerraLib format .. yes

Updating columns of table ‘taltitude’ .. yes

> tpoints

Object of class aRTtable

Table: "taltitude"

Type: static
Layer: "Ipoints"
Rows: 178
Attributes:

id:  string[16] (key)



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

As the dataconsistsof threepolygonswe now createa polygonrepresentinghe
bordersof the areawhich resultsfrom the union of the threeoriginal polygonsusingthe
functiongetSetOperation.

> border
+ id
Fromthedatarecoveredfrom thedatabaseve build anobjectof theclassgeodata

calledca20whichis convenientfor usingfunctionsin thegeoRpackagdor geostatistical
analysis.

getSetOperation(lpolygons, "union”,
polsid)

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

\Y

mi3 <- likfit(ca20, ini = c¢(100, 500), trend = Tarea)

border = border@polygons[[1]]@Polygons[[1]]@coords

border = as.data.frame(border)

locO <- pred_grid(border, by = 10)

loc.area  <- rep(NA, nrow(loc0))

f = function(x) pols@polygons[[x]]@Polygons[[1]j@coords

I = lapply(1:3, f)

loc.areal.geoR_inout(locO, as.data.frame(I[[1]])] <- 1

loc.areal.geoR_inout(locO, as.data.frame(I[[2]]))] <- 2

loc.area.geoR _inout(locO, as.data.frame(I[[3]])] <- 3

loc.area  <- as.factor(loc.area)

KC <- krige.control(trend.d = "area, trend.l = "loc.area,
obj = mi3)

kc <- krige.conv(ca20, loc = locO, krige = KC,
bor = border)

georpred <- .prepare.graph.kriging(locations = locO,
borders = border, values = kc$pred)

+V+V+VVVVVYVVVYVYVYVYV

Thepredictionby kriging methodgesultsin arasterwhich canbe storedin the database.

> |raster = createlLayer(db, "Iraster")

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

> addRaster(Iraster, georpred)

Initializing the raster .. yes

Adding raster data to layer ‘lraster .. yes
Reloading tables of layer ‘lraster .. yes

Finally, we createsomethemesallowing for directvisualizationfrom TerraMiew.
Views are not importantto aRT, thereforethereis not a classto encapsulaté, andwe
only usea namewhenbuilding atheme.



> 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 ‘Ipolygons' .. 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")

Thegeneratedisualizationis shavn in Figure5. We canseethe statictablewith
thenew attributein the bottomof the Figure.

5. Conclusionsand Futur e Work

Thisarticlediscusgheneedfor integrationbetweerstatisticalsoftwaresandGIS. Joining
this two technologiestrengthengoth sidesandincreasesheir individual andcommon
effectivenessTheintegrationcanbeimplementedisingfull integrationor throughmech-
anismsof loosecouplingandclosecoupling.

A new integration model basedin a geographicdatabases implemented. The
accesss executedthroughTerraLibwith TerraLib componentbeinguseddirectly asR
objects.Thiswaywe canaccesshedatabase aeasymannemndexecutegeoprocessing
functionswhile readingdatafrom the databaseThe integrationincreaseshe robustness
of both technologiesallowing for executionof more complex tasksand improving the
quality of theresults.

BeingTerraLibanongoingproject,assoonasit presentsien geoprocessinmod-
elsandalgorithmsaccesgo themcanbeimplementedn aRT keepingthe packagaisers
up-to-datedvith theadwvancesn geoprocessing.



Figure 5. Visualization of the result using TerraView
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