Experiencewith SAND-Tcl: A Scripting Tool for Spatial Databases

CLAUDIO ESPERAN@ (ContactAuthor)
COPPE,Engenhariade Sistemag Computa&o
UniversidadeFedeml do Rio de Janeiro
Ilha do Fundao, CT, BlocoH
Rio deJaneirn, RJ21949-900Brazil
e-mail: espeanc@cos.ufrj.bifel/Fax: (21) 590-2552

HANAN SAMET
ComputerScienceDepartmentand Centerfor AutomationReseach and
Institutefor AdvancedComputerStudiesUniversity of Maryland
College Park, Maryland20742
e-mail: hjs@umiacs.umd.edlel: (301)405-1755fax: (301)314-9115

Abstract

Theuseof scriptingmakesit possibleto overcomemary importantdifficultiesin the developmenbf
databasepplications.By extendinga general-purposscriptinglanguagewith constructslerived both
from the databaséerneland from the intendedapplicationdomain,issuessuchas query processing
and userinterfacing can be approachedn an economicalandflexible way. This is illustratedby de-
scribingour experiencewith SAND-Tc] a scriptingtool developedby us for building spatialdatabase
applications.SAND-Tcl is an extensionof the Tcl embeddedcriptinglanguagewith the constructof
the SAND ernvironmentfor developingapplicationsnvolving bothspatialandnon-spatiadata. SAND-
Tcl actsasa “glue” to hold togetherall the subsystemsf SAND. In fact, query evaluationplansare
SAND-Tcl programg(or script9 which arewritten on-the-flyby SAND in responséo a querydefined
by the user This permitsthe rapid prototypingof algorithmsandmakes SAND a usefultool both for
applicationsandresearch.The focusis on datastorage retrieval operationsandspatialindexing. Im-
plementation®f operationssuchas spatialselection,ranking,and spatialjoin aregiven. In addition,
toolsaredescribedo make possiblethe constructiorof graphicaluserinterfaceso a spatialdatabasas
well asproviding usergheability to view andinteractwith spatialobjectsin agraphicalmannerThisis
achievedthroughtheuseof SAND-Tcl scriptsandthe Tk graphicaluserinterfacetoolkit whichis tightly
coupledto Tcl.

1 Intr oduction

A spatialdatabasés essentiallya software environmentwherelarge collectionsof spatialand non-spatial
objectscanbe manipulatedand queried. Of course,ary concretedefinition of what actually constitutesa
spatialdatabaseas necessarilyskewed by personalinterpretations.Neverthelessthe following definition
dueto Guting [14] is fairly typical — thatis, a spatialdatabassystemis a databassystemthat:

1. offersspatialdatatypesin its datamodelandquerylanguageand

2. supportsspatialdatatypesin its implementation,providing at leastspatialindexing and efficient
algorithmsfor spatialjoin.

The adwantageof using a corventionaldatabaseananagemensystem(DBMS) is that the userhasat
his disposala time-testedand presumablyefficient way of retrieving and storingdata. In addition, query
languageoften provide a rich setof query constructsthat alleviate the necessityof further processing
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andtherebyobviate the needfor userdefinedextensionswhich could be provided by a scripting facility.

Moreover, querylanguagesiredesignedvith the goalof hiding implementatiordetailsfrom the user Un-
fortunately this may posea problemif the databaseystemitself hasnot beenextendedto supportspatial
data[34]. In this casea spatialenginemustbe suppliedin orderto storeand/orprocesspatialdata. There
area numberof levels at which the capabilitiesof the spatialengineandthoseof the DBMS may be inte-
grated.Thesdevelsarecharacterizedsarchitectuesby Vijlbrief andvan Oosteron{36] who divide them
into threethreemajor categories:

1. Dual architectue. Two separatesubsystemare usedfor storingspatialand non-spatiadata. Non-
spatialdatais usually storedin a relationaldatabasenanagemensystem(RDBMS), while spatial
datais storedandprocessethy meanof a proprietaryspatialsubsystemThemainproblemwith this
approachs thelackof tightintegrationbetweerthecomponentsesponsibldor processingpatialand
non-spatiatiata.In particular theconstructiorof queryevaluationplans(i.e., stratgiesfor computing
queryanswers)s hinderedby thethefactthatdatawhich belongdogically to asingletuple or object
is storedin two separatesubsystems-or example the ARC/INFO systenm26] follows this approach.

2. Layeredarchitectue. All spatialinformationis storedin aRDBMS by translatingt into the available
datatypes. Thus,for instancea pointin two dimensionsvould be representeastwo floating point
attributes,anda polygonasarelationof points. Oneprobleminherentto this schemas thatit maybe
necessaryo usecostly databas®perationsvento accessa singleobject. A moreseriousproblem,
however, is that spatialaccessnethodscannotbe seamlesslyntegratedinto the RDBMS. A typical
exampleof this kind of architecturas SIRO-DBMS [1].

3. Intggratedarchitectue. Systemswvherespatialandnon-spatiabataarehandledat the samelevel by
the databaseystem.For example,pointsand polygonscanbe representedndoperateduponin the
sameway asintegersor strings. Similarly, spatialaccesamethodsare viewed as analogsto linear
indicessuchasB-trees. Among others,the Gral [13], GEO++[36], PARADISE [31], and SAND
systemg10] all follow this approach.

Fromthe above, it is fairly clearthatthe integratedapproachs the mostflexible. The SAND system,
built by us, is a prototypeernvironmentfor developing applicationsnvolving both spatialand non-spatial
databasedntheintegratedapproachThe SAND kernelimplementsarelationaldatamodelextendedwith
several geometricfunctionsand predicatesas well asa numberof accessstructures.In addition, SAND
providesallibrary which permitsa modularconstructiorof queryevaluationplans.

In contrastwith otherspatialdatabasasystemshowever, SAND wasnot designedo be accessefrom
within a systemprogrammindanguagesuchasC or C++. Themaininterfaceto SAND is throughSAND-
Tcl, anextensionto Tcl [30] which is an embeddednterpretedscriptinglanguage. SAND-Tcl actsasa
“glue” to hold togetherall the subsystems.In fact, query evaluationplansare SAND-Tcl programs(or
scriptg which arecomposean-the-flyby SAND in responséo a querydefinedby theuser Thisis in con-
trastwith thetypical approachio queryprocessingvhichis centerednaqueryoptimizerburiedfairly deep
insidethe DBMS engine.Evenwhensuchoptimizersarebuilt with extensibilityin mind (e.g.,Volcano[11]
or OPT++[21]), thetaskof addinga new queryprocessingstratgy or refining an existing onemay entail
considerablavork. Ontheotherhand,a SAND-Tcl applicationcaneasilycombinebothplansgeneratedy
theoptimizerandcustom-madg@lans.This is animportantcontritution of our work.

In this paperwe describeSAND-Tcl andshav how it is usedto achiere anintegratedarchitecture.ln
particular we discussour experiencedy presentinghe solutionsthatwe adoptedoy extendingTcl with the
constructof the SAND spatialdatabaseystem.Our focusis on datastorageretrieval operationsspatial
indexing andgraphicaluserinterfaces.Althoughafull-fledgeddatabasenanagemerdystem(DBMS) must

2Althoughthis classificationwasoriginally intendedfor GISs, it is applicableto spatialdatabaseaswell.
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alsoaddresotherimportantissuessuchasconcurreng control, security andtransactiormanagementye
do not do this hereasthey arebeyond the scopeof this paper Our aimis to shav the utility of a scripting
languageby obtaininga suitableset of scripting languageextensionsto build applicationsfor querying
spatialdatabaseandpresentingheretrievedinformationin agraphicaimanner A coupleof exampleswith
differentcompleities, of suchanapplicationarepresentedn Section7. Thesearescaled-dan versionsof
themoregenericSAND browser[10]. Notethatour notionof browsingis oneof spatialobjects ratherthan
images(e.g.,[32]). Our ultimategoalis to be ableto build a Geographidnformation System(GIS) using
only scriptswrittenin this extendedanguage.

The restof this paperis organizedasfollows. Section2 reviews the scripting concept. Sections3—
5 describehonv SAND-Tcl enableghe realizationof the definition of a spatialdatabasg14] givenin the
openingof this section. In particular Section3 discusseghe incorporationof an elementarydatabase
organizationandits operationsnto SAND-Tcl. Sectiond dealswith the treatmentf spatialdatatypesin
SAND-Tcl. Section5 shavs howv SAND-Tcl handlesndexesincluding spatialindexesanddescribesome
constructghat make useof themto facilitate the implementationof spatialqueries. Section6 discusses
how scriptingcanbe usedto generatejueryevaluationplanson-the-fly Section7 overviens someof the
toolsprovidedby SAND-Tcl to enabletheuserto interactwith the spatialobjectsin agraphicalmannerand
presents pair of examples.Section8 briefly describeshe SANDBrowser afull applicationbuilt underthe
SAND-Tcl ervironment.Section9 containsconcludingremarks.

2 The Scripting Concept

Until recently the mostcommonway of interactingwith operatingsystemsandmostcomputerapplications
wasthroughtext-basednterfaces.The programwhich providesthe mostdirectinterfacewith the operating
systemjermedashell wouldthentake userinput (calledcommandg andarrangdor theappropriateaction
to beexecuted.Thoseactionswould eitherbeperformedoy the shellprogramitself or by anotheapplication
thatwould beinvokedfor thatpurpose.

Someshell programshecamesophisticatedo the point of allowing usersto storecommandsequences
(calledscriptg thatcouldbeinvokedonrequestandevenproviding programmindacilitiessuchasvariables
andcontrolstructurego enableuserso controlautomaticallywhich actionswereneededandin whatorder
they shouldbe performed. In fact, somecomputerapplicationswere split into several separatg@rograms
andreliedon shellscriptingtoolsto combinetheseprogramgo performagiventask.

Today textual interfacesarebecomindessandlesscommon beinggraduallyreplacedy graphicaluser
interfaceg(GUI). Thus,modernshellsandinteractve computerapplicationsaremostly controlledby means
of graphicalelementssuchaswindows, icons, menusand pointers(called WIMPs [24]). However, such
interfacesare not designedo allow usersto specifycomplex sequencesf operationgn the samemanner
asshell scripts. Therationaleis thatusersarenot supposedo program — this actiity is consideredo be
restrictedto applicationdevelopers. This hasled to the creationof featuressuchaskeyboardmacrosthat
areintendedo provide somemeansof customizatiorof frequentlyrepeatedperations.

In somesensescriptingcanbeviewed asanactity thatlies somaevherebetweerapplicationdevelop-
mentandend-useutilization. Thus,ascriptcanbeproducedy anapplicationdeveloperin orderto provide
someadditionalfunctionality or it canbe written by an end-usetin orderto automaticallyperformtasks
thathe or shehaslearnedo dointeractvely.

Scriptingdoesnot conflict with the useof GUIs; instead the two arecomplementaryPerhapghe best
exampleof synegy betweenscriptingandGUIs is the combinationbetweenhe scriptinglanguageknovn
asTcl [30], and Tk [30], a graphicalinterfacetoolkit. Thus, one may write a Tcl script, say to remove
unwantedfiles in a givendirectoryand,at the sametime, useTk to provide a graphicaluserinterfacethat
will allow theuserto confirmtheoperationor to specifywhich files arenotto beremaoved.



Somescriptinglanguagesge.g.,Python[23], Schemd7], Tcl [30]) canbeusedto accessodewrittenin
high-level compiledlanguagesuchasC or C++. In thesecasesscriptinglanguagegsresometimeseferred
to asembeddedanguagesTheideais thatwhile critical, computationally-intesive partsof anapplication
needto beimplementedasefficiently aspossiblgi.e.,compiled),otherpartscantake advantageof themore
flexible programmingenvironmentprovided by an embeddednterpretedlanguage. The mechanisnfor
this hybrid environmentconsistsof extendingthe embeddedanguagewith commandgor othersyntactic
structureswhich areboundto compiledcode. Thus,an applicationdevelopedundersuchanervironment
consistof a scriptthatis executedby anextendednterpreter

Scriptingplaysacentralrole in SAND. Applicationsarewrittenin SAND-Tcl by makinguseof:

1. Native Tcl/Tk commands.
2. TheTcl commandnterfaceto the SAND kernel.
3. Scriptsstoredin the SAND library.

This arrangemenis shavn in Figure1. The SAND kernelimplementshe basicaccessnethodsneededo
accesshetablesandindices(bothlinearandspatial)of thedatabaseThe SAND library implementsigher
level functionalitysuchasqueryevaluationplansanda (still incipient)queryoptimizer An importantaspect
of scriptinglanguagess thatthey enablethe constructiorof codeon-the-fly In otherwords,aninterpreted
environmentusually allows for scriptsthat have the ability to write otherscripts. The SAND optimizer
makesuseof thisfacility in orderto generateueryevaluationplansin responséo a querystringexpressed
in aform thatis similar to the well-known “select-from-where’tonstruciof SQL. We returnto this subject
in Section6.

Application SAND
Library

Tcl/Tk

SAND Kernel }H@ Database

Figure 1: Components of the SAND system. Rounded boxes denote scripts
and square boxes denote components written in a system programming language
(C/C++).

It is importantto emphasizeat this point that the extendedinterpreteralreadyprovides most of the
functionality neededo develop not one,but mary applicationsandhenceit is alreadya usefulproductin
its own right.

3 Elementary DatabaseOrganization and Operations

In SAND, storageaccessnethodsveredesignedaccordingo arelational-like datamodel. RelationsJinear
indices,andspatialaccessnethodsareall regardedas specializedableswith differentaccessstructures.
For example, let us definea relation called city for storingattributesof cities aroundthe world. city
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is composedf attributesname (a string of no more than 20 characters)population (an integer) and
location (apoint). This relationcanbe createdrom within a SAND-Tcl scriptby issuingthe following
command:

sand create city name char(20) population integer location point

Attribute location in the commandabore represents spatialattribute (type point), wherethe x andy
coordinatevaluesrepresentsay latitudeandlongitude.Noticethatlocation is handledn muchthesame
way asthe othernon-spatiahttributes(name andpopulation). A linearindex in the form of a B-tree[8]
anda spatialindex implementedaseithera PMR-quadtreg33] or anR-tree[16]2 canalsobe specifiedfor
relationcity usingasimilar syntax.For example,thetwo commandselon creatdinearindex cityname
for attributename andspatialindex cityloc for attributelocation:

sand createindex cityname city name
sand createindex cityloc city location

In orderto performinput and outputon ary tabletype, SAND providesa setof commoncommands
which allow tuplesto bereador written oneatatime. Everytime atableis openedor I/O, abuffer (calleda
tuplebuffer*) for holdingonetupleof thattableis allocated As aresultof anopenoperationanew operator
(i.e.,acommand)calleda handleis createdon-the-flyin orderto accesghe openedableor its associated
tuplebuffer. Noticethatseveralopenednstance®f thesametablemaybeactive atatime, eachreferenced
by a differenthandle Figure2 summarizeshecommandnterfaceto generakables.

Commontableaccessommandareillustratedin thefollowing scriptwhich printsall tuplesof relation
city (i.e.,theequvalentto SQL query“select* fromcity”):

# Scriptto list all tuplesof city
set cityHandle [sand open city]
set status [$cityHandle first]
while {$status} {

puts [$cityHandle get]

set status [$cityHandle next]

}

$cityHandle close

W ~NOOCWN-

For thosenot familiar with the syntaxof Tcl, afew explanationsarein order:
s A poundsign(#) usedatthebeginningof aline denotesacomment.

* A dollarsign($) is usedfor variabledereferencingThus,construci$var denoteghevalueof variable
var.

e set var valueassigns/alueto variablevar. Variablevar is createdandstorages allocatedfor it if it
did not exist beforeexecutionof thecommand.

e Theconstruct[ string ] usedasavaluemeanghatstringis to be evaluatedasa commandandthe
resultusedinstead.

e puts stringis oneof Tcl'sbuilt-in commandshat prints string on the standardutputdevice.

A walkthroughof the scriptgivenabore will helpto make theseconcept<lear:

3The choiceof which spatialindex shouldbe usedis doneby meansof acommandwhich is not explainedheresinceit is not
relevantto our discussionlt sufficesto saythatbothstructuregprovide exactly the samefunctionality

4Memory is dynamicallyallocatedfor relationswith variable-sizedattributessuchas polygons. Whereasthis could lead to
excessie useof mainmemory(e.g.,for unusuallylarge polygons) this simplepolicy is adequatdor typical datasets.
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Command Semantics

sand open name Opentablenameandreturnasits valueatablehandle(de-
notedby tableHandlein the commanddbelav) whichis a
pointerto a structurethatdescribes nen openinstanceof
tablename In particular tableHandlegivesaccesgo the
tuplebuffer for usein subsequeniO operations.
tableHandleclose Closethe opentablewith tuple buffer tableHandle
tableHandlefirst options Load the tuple buffer of tableHandlewith the first tuple
of the correspondingable. Oneor more optionsmay be
specified,which will alter the order or imposeselection
conditionsfor retrieving tuples. The available optionsde-
pendonthetypeof thetable.Returngrueor falseto indi-
catewhetheror notthe operationwassuccessful.
tableHandlenext Loadthetuplebuffer of tableHandlewith thenext tuple of
the correspondindable. If optionswere specifiedin the
correspondinggirst commandthenthey arerespected
implicitly in fetchingthe next tuple. Returnsa true/ialse
succesgode.

tableHandletid Returnthe tuple identifier i.e., an integer numberthat
uniquelyidentifiesthe tuple currentlyloadedin the tuple
buffer of tableHandle

tableHandleget Returna list with the valuesof all attributesin the tuple
buffer of tableHandle
tableHandleattr get Returnthevalueof attribute namedattr in the tuple buffer

of tableHandle

tableHandleassign value... value | Replacethe valuesof the attributesin the tuple buffer of
tableHandlewith thegivenvaluésin thesameorderspec-
ified in thetableschema.

tableHandleattr set value Replacethe contentsof attribute namedattr in the tuple
buffer of tableHandlewith thegivenvalue

tableHandleinsert Add the contentsof the tuple buffer of tableHandleasa
new tuplein thetablecorrespondingo tableHandle

tableHandledelete Deletethemostrecentlyaccessetlplefrom thetablecor

respondingo tableHandle The subsequentonteniof the
tuple buffer is undefined.

Figure 2: Summary of common SAND-Tcl table commands.

1. Thefirstline is acomment.

2. Inline 2, variablecityHandle is createdandinitialized with the tablehandleobtainedby executing
sand open city. All subsequentommandghat affect the just openedtable will be invoked by
commandstartingwith $cityHandle.

3. In line 3, the first tuple of city is fetchedfrom disk by command$cityHandle first, which
returnsa Booleancodedenotingthe succes®f the operation.This codeis storedin variablestatus.
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4. Lines4 through7 implementa loop to fetch andprint consecutie tuplesof city. Theloopis con-
trolled by the valueof variablestatus. Hence ,whenthe fetch operationin line 6 fails, theloop is
terminated.

5. Line 8 closedtablecity asit is theonewhosetuplebuffer is boundto $cityHandle.

In additionto the commontable commandsgachtabletype supportsadditionaltable commandghat
reflecttheir particularaccessapabilities. Thus, relationscan be referencedby tuple identifier (i.e., tid)
usingthe fetch command.a linear index canbe accessedby its contentsusingthe find command,and
spatialindicescanbe accessedccordingio several geometricconstraints.

As an exampleof the usageof table accesscommandsgconsiderprocedurecity-location which,
giventhe nameof a city asanargument,returnsthe city’s location. The stratgy for computingthe answer
to this queryinvolvesthe useof linearindex cityname definedon attribute name of city. In summary
procedurecity-location implementsanevaluationplanfor a querythatwould be expressedn SQL as
“selectlocationfromcity whee name=agName’):

1. # Returnghelocationofcity $argName

2. proc city-location { argName } {

3 set cityHandle [sand open city]

4 set nameHandle [sand open cityname]
5. $nameHandle find $argName

6. $cityHandle fetch [$nameHandle tid]

7 set result [$cityHandle.location get]
8 $cityHandle close
9 $nameHandle close
10. return $result
1

1.}

Noticethatin line 5 thelinearindex is usedto find a city in index cityname, whereaghe corresponding
tupleof city mustbefetchedwith afetch command(line 6). Thisis the mechanisnusedin SAND-Tcl
to establistthe connectiorbetweerindicesandrelations;.e.,index recordsstorethetupleidentifiersof the
correspondingelationrecords.

4 Spatial Data Types

Theterm “spatial datatype” canbe usedto referto several differentdataabstractionslt is reasonabléo
assumehata spatialdatumis a valuethatdenotesat leastalocationin spaceput frequentlyis tied to other
spatialnotionssuchasproximity, extentandshape.Thus,if we restrictthis discussiorto two-dimensional
spacewe may take for grantedthat simple geometricobjectssuchaspoints,lines andpolygonsareto be
consideredspatialdatatypes”. However, it is not clearwhatlevel of aggrgationbetweersimpledatatypes
shouldbe supportedy a spatialdatabasef-or example,a polygonalmap.i.e., a partitionof spacento non-
overlappingadjacenpolygonsmaybeconsidered “complex” spatialdatatype. Of coursejf thedatabase
supportspolygonsasa simple type, thena polygonalmap may be representedby a setof polygons,but
this representatioschememustbe enforcedat all times. In otherwords, not all setsof polygonsrepresent
valid polygonalmapsand caremustbe taken to avoid databas@perationghat might producean invalid
configurationof polygons.

Overall, when defining the datamodel for spatialinformationin the context of a DBMS, we must
considerwhat typesof operationsareto be performedon suchdataand how theseoperationsaffect the
retrieval of datafrom disk. For instance,f polygonsareto be supportedasa spatialattribute typein the
contet of arelationalDBMS, thenthey maybestoredin variable-lengtirecordsalongwith otherfixed-size

7



attributes. Alternatively, we might chooseto keeppolygonsin a secondandisk-basedatastructureand
storeonly pointersto themin therelation.

In the SAND system primitive spatialdatatypesare supportedn the form of spatialattributes. Thus,
for instancea polygonalmapcanberepresentedsa tablewhereoneof the attributesis of typepolygon.
New spatialtypescanbe incorporatednto the systemby meansof an extensionmechanism.SAND al-
readysupportssomeof the mostcommonprimitive geometricobjectsin two dimensions:point, line,
rectangle, polygon, polyregion andregion (seeFigure3). For example relationcity definedearlier
containsspatialattribute 1location whichis of typepoint.

TypeName | Semantics

point A point.

line A line sggment.

rectangle | Anaxes-alignedectangldi.e.,its edgesareparalleltothe
coordinateaxes).

polygon A simple polygon, i.e., consisting of a single non-
intersectingcontour

polyregion | An arbitrarypolygoncontainingary numberof contours
or holes.

region An arbitraryorthogonalpolygon,i.e., a polygoncontain-
ing ary numberof contoursor holes,but whoseedgesare
parallelto the coordinateaxes.

Figure 3: Primitive spatial data types supported in SAND.

The SAND storagemodelemplo/s one of the following two stratgjies when handlingattribute types
which are variable-sizedpamelythe polygon andregion types. They may be storedin tableswhose
recordsmay have variablesize,or they may be storedin separatalisk files (termedcontaines). If atable
includesan attribute which is storedin a containeffile, theneachtuple containsonly a boundingstructure
(e.g.,a minimum boundingrectangle)and a pointer for that attribute’s value in the containerfile. The
adwantageof this approachs thatthe full value of the spatialattribute is only accessed thereis needfor
it (this is alsoknown asthe filter-and-refine stratgyy [29]). For example,if a query consistsof selecting
tuplesbasedon the valueof a non-spatiahttribute, thenonly the tuplesthat satisfythe conditionwill have
the attribute valuesstoredin containergetrieved. On the otherhand,accessingachtuple thatsatisfieghe
gueryinvolves two disk accessesone accesdo retrieve the non-spatialattributesand the pointerto the
spatialattribute,andanotheraccesso retrieve the spatialattribute proper

Another aspectthat must be considereds the setof operationsinvolving spatialdatathat areto be
supportedSomecommonoperationsare:

s Operationghatcomputeintegral propertiessuchasarea perimeter or centoid.
¢ Geometricoperationswvhich resultin anotherspatialobject. Theseinclude,amongothers:

— Computingthe corvex hull of a polygonor its minimumboundingrectangle.
— Setoperationssuchas computingthe intersectionof two line segmentsor the union of two
polygons.

s Operationghatdeterminerelationshipsbetweertwo objects.Thesecanbedividedinto thefollowing
catgyories[9]:



— Topolayical relationshipssuchasdeterminingwhethertwo objectstouch,intersect,containor
arecontainecby eachother

— Directional relationshipswhich try to ascertainthe relative location of two objectssuchas
whetheroneis above or to theleft of the other

— Metric relationshipssuchasthe distancebetweertwo objects.

SAND-Tcl providesa commandinterfacefor the threespatialoperationsvhich may be usedon ary
spatialdatatype in SAND: bbox, intersects, anddistance (seeFigure4). Additional operationsare
supportedor somespatialdatatypes. For example,therectangle, polygon, polyregion andregion
typessupportthe perimeter operatorwhich returnsthe length of their boundaries. The SAND kernel
currentlyimplementsonly a small setof spatialdatatypesand operationswhich are sufiicient for most
GlS-relatedapplications.Theimplementatiorof amorecomprehense setof spatialdatatypessuchasthat
definedby the ROSEAIgebra[15] is underconsideration.

Command Semantics
bbox S; ... S Returnthe minimum boundingrectanglehatenclosesll
givenspatialobjects.

intersects 1 S | Returnl (true) if 5 ands; intersectj.e.,have atleastone
pointin common.
distance s S Returnthe Euclideandistancebetweers; ands,.

Figure 4: SAND-Tcl commands for spatial operations supported for all spatial data
types in SAND.

The scripting ervironmentof SAND-Tcl allows the relatively small setof built-in spatialoperations
in SAND to be combinedso asto expressmary commonpredicates.For example,considerthe predicate
south-of point featue. it evaluatesto true if featue (a spatialattribute of ary type) consistsonly of
pointswhosey coordinatevaluesarelessthanthe y coordinatevalueof point Anotherway of expressing
this predicateis thatit evaluatego falseif thereis arny point of featue with y coordinatevalueswhich are
greatetthanor equalto point.y(i.e, they coordinatevalueof poinf). A proceduresouth-of thatimplements
this predicatan SAND-Tcl canbeeasilyconstructed:

proc south-of { point feature } {
set northRect [bbox $point "line -1e9 1e9 1le9 1e9"]
if {[intersects $feature $northRect]} {
return 0
}

return 1

~NOo O WN -

In line 2 of this script,variablenorthRect is assignedrectanglewith its bottomsidetouchingpointwhich

is wide andtall enoughto approximatethe semi-spaceaiven by equationy > pointy. This is ensuredoy

computingtheboundingbox of pointandaline segmentdefinedoetweerpoints(—10°, 10°) and(10°, 10°)°

(seeFigureb). A featureis not south-of pointif it intersectsgnorthRect (lines 3 and4); otherwise,
proceduresouth-of returnsl (i.e, true).

51t is clearthatvalues—10° and10° areusedhereto represenapproximation®f minusandplusinfinity, respectiely. In prac-
tice, thesevalueswould be computedoy taking into accountthe natureof the application.If spatialvaluesrepresengeographical
entitiesexpressedn latitude-longituddormat,then—180and+180 (degrees)would sufiice.
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5 Indexing

Theterm“index” whenusedin the contet of a databasés a structuredesignedo facilitateaccessinghe
databasedon its contents. Whenthe datumbeing searcheds non-spatial the constraintsfor the search
usually consistof requiringthe datato fall within a userspecifiedrange. If the operationis restrictedto
one-dimensionafiomains,thenthe index is saidto belinear. Thus,if we considerour examplerelation

, thenlinearindex canbeusedto quickly find “Berlin” or evenall citieswhosenamesstart
with “B”.

A linearindex is frequentlyimplementedasa treestructurewhich maintainsthe indexed datain sorted
order B-treesandits variations[8] arethe mostwidely usedforms of linearindices. Thus,in orderto
locatea value,thetreeis traversedfrom the root until encounteringoneof its leaveswhich holdsthe sought
value.Range®f valuescanbesimilarly retrieved by usingthetreestructureto find neighboringeaves. The

orderinginducedby suchstructuresbecomespparentn the behaior of commands and when
appliedto openlinear index tables. For example,if hameHandlds an openinstanceof table :
thennameHandle andnameHandle canbeusedto retrieve all citiesin alphabeticabrder

Whendealingwith spatialdata,indexing assumes someavhat differentperspectie sinceit is not pos-
sible to imposea total orderingon the values. Querieson spatialdataare basedon proximity, i.e., they
consistof criteriato selectobjectswhich arecloseto locationsdesignatedsay by a point or aregion. Data
structuredesignedo copewith this problemareknown asspatialindicesor spatialaccessnethods The
overall approachemplo/edin the designof suchstructureds to strive to satisfythe propertythat objects
which areclosein spacearealso“close” within the scopeof the datastructure.Somedatastructuressuch
asthegridfile [27] andthek-d-tree[5] areespeciallyusefulwhenhandlingpoints. Otherdatastructuresre
suitedto handlenot only points,but alsospatialobjectswith extentsuchasline sggmentsor polygons.For
example the R-tree[16] andsomeof its variants[4, 35] aswell asquadtree-basedatastructureg§33] have
beenfoundusefulin spatialdatabaservironments.

Someof themostcommontypesof spatialselectionqueriesare:

Intersectionquery: Find all objectsthat intersect(i.e., have at leastone point in commonwith) a
spatialobjectgiven asan agument(termeda queryfeatue). If the queryfeatureis anaxes-aligned
rectanglethenthis operationis alsoknowvn asawindowqueryor arange query.
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