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Abstract

Theuseof scriptingmakesit possibleto overcomemany importantdifficultiesin thedevelopmentof
databaseapplications.By extendinga general-purposescriptinglanguagewith constructsderivedboth
from the databasekerneland from the intendedapplicationdomain,issuessuchasqueryprocessing
anduserinterfacingcanbe approachedin an economicalandflexible way. This is illustratedby de-
scribingour experiencewith SAND-Tcl, a scriptingtool developedby us for building spatialdatabase
applications.SAND-Tcl is anextensionof theTcl embeddedscriptinglanguagewith theconstructsof
theSAND environmentfor developingapplicationsinvolving bothspatialandnon-spatialdata.SAND-
Tcl actsasa “glue” to hold togetherall the subsystemsof SAND. In fact, queryevaluationplansare
SAND-Tcl programs(or scripts) which arewritten on-the-flyby SAND in responseto a querydefined
by the user. This permitsthe rapidprototypingof algorithmsandmakesSAND a usefultool both for
applicationsandresearch.The focusis on datastorage,retrieval operations,andspatialindexing. Im-
plementationsof operationssuchasspatialselection,ranking,andspatialjoin aregiven. In addition,
toolsaredescribedto makepossibletheconstructionof graphicaluserinterfacesto aspatialdatabaseas
well asproviding userstheability to view andinteractwith spatialobjectsin agraphicalmanner. This is
achievedthroughtheuseof SAND-Tcl scriptsandtheTk graphicaluserinterfacetoolkit whichis tightly
coupledto Tcl.

1 Intr oduction

A spatialdatabaseis essentiallya softwareenvironmentwherelarge collectionsof spatialandnon-spatial
objectscanbe manipulatedandqueried.Of course,any concretedefinition of what actuallyconstitutesa
spatialdatabaseis necessarilyskewed by personalinterpretations.Nevertheless,the following definition
dueto Güting [14] is fairly typical— thatis, aspatialdatabasesystemis adatabasesystemthat:

1. offersspatialdatatypesin its datamodelandquerylanguage,and

2. supportsspatialdatatypes in its implementation,providing at leastspatial indexing and efficient
algorithmsfor spatialjoin.

The advantageof usinga conventionaldatabasemanagementsystem(DBMS) is that the userhasat
his disposala time-testedandpresumablyefficient way of retrieving andstoringdata. In addition,query
languagesoften provide a rich set of query constructsthat alleviate the necessityof further processing

1The supportof the NationalScienceFoundationunderGrantsIRI-9712715andEIA-99-00268,the Departmentof Energy
underContractDEFG0295ER25237,andof ConselhoNacionaldeDesenvolvimentoCient́ıficoeTecnoĺogico(CNPq)aregratefully
acknowledged.

1



andtherebyobviate the needfor user-definedextensionswhich could be provided by a scripting facility.
Moreover, querylanguagesaredesignedwith thegoalof hiding implementationdetailsfrom theuser. Un-
fortunately, this mayposea problemif thedatabasesystemitself hasnot beenextendedto supportspatial
data[34]. In this case,a spatialenginemustbesuppliedin orderto storeand/orprocessspatialdata.There
area numberof levelsat which thecapabilitiesof thespatialengineandthoseof theDBMS maybe inte-
grated.Theselevelsarecharacterizedasarchitecturesby Vijlbrief andvanOosterom[36] whodivide them
into threethreemajorcategories2:

1. Dual architecture. Two separatesubsystemsareusedfor storingspatialandnon-spatialdata. Non-
spatialdatais usuallystoredin a relationaldatabasemanagementsystem(RDBMS), while spatial
datais storedandprocessedby meansof aproprietaryspatialsubsystem.Themainproblemwith this
approachis thelackof tight integrationbetweenthecomponentsresponsiblefor processingspatialand
non-spatialdata.In particular, theconstructionof queryevaluationplans(i.e.,strategiesfor computing
queryanswers)is hinderedby thethefactthatdatawhichbelongslogically to asingletupleor object
is storedin two separatesubsystems.For example,theARC/INFOsystem[26] follows thisapproach.

2. Layeredarchitecture. All spatialinformationis storedin aRDBMSby translatingit into theavailable
datatypes.Thus,for instance,a point in two dimensionswould berepresentedastwo floatingpoint
attributes,andapolygonasarelationof points.Oneprobleminherentto thisschemeis thatit maybe
necessaryto usecostlydatabaseoperationseven to accessa singleobject. A moreseriousproblem,
however, is that spatialaccessmethodscannotbeseamlesslyintegratedinto theRDBMS. A typical
exampleof this kind of architectureis SIRO-DBMS[1].

3. Integratedarchitecture. Systemswherespatialandnon-spatialdataarehandledat thesamelevel by
thedatabasesystem.For example,pointsandpolygonscanberepresentedandoperateduponin the
sameway as integersor strings. Similarly, spatialaccessmethodsareviewed asanalogsto linear
indicessuchasB-trees. Among others,the Gral [13], GEO++ [36], PARADISE [31], andSAND
systems[10] all follow thisapproach.

Fromtheabove, it is fairly clearthat the integratedapproachis themostflexible. TheSAND system,
built by us, is a prototypeenvironmentfor developingapplicationsinvolving both spatialandnon-spatial
databasedontheintegratedapproach.TheSAND kernelimplementsarelationaldatamodelextendedwith
several geometricfunctionsandpredicatesaswell asa numberof accessstructures.In addition,SAND
providesa library whichpermitsamodularconstructionof queryevaluationplans.

In contrastwith otherspatialdatabasesystems,however, SAND wasnot designedto beaccessedfrom
within a systemprogramminglanguagesuchasC or C++. Themaininterfaceto SAND is throughSAND-
Tcl, an extensionto Tcl [30] which is an embeddedinterpretedscripting language.SAND-Tcl actsasa
“glue” to hold togetherall the subsystems.In fact, query evaluationplansareSAND-Tcl programs(or
scripts) whicharecomposedon-the-flyby SAND in responseto aquerydefinedby theuser. This is in con-
trastwith thetypicalapproachto queryprocessingwhich is centeredonaqueryoptimizerburiedfairly deep
insidetheDBMS engine.Evenwhensuchoptimizersarebuilt with extensibility in mind(e.g.,Volcano[11]
or OPT++[21]), the taskof addinga new queryprocessingstrategy or refininganexisting onemayentail
considerablework. Ontheotherhand,aSAND-Tcl applicationcaneasilycombinebothplansgeneratedby
theoptimizerandcustom-madeplans.This is animportantcontribution of ourwork.

In this paperwe describeSAND-Tcl andshow how it is usedto achieve an integratedarchitecture.In
particular, we discussour experienceby presentingthesolutionsthatwe adoptedby extendingTcl with the
constructsof theSAND spatialdatabasesystem.Our focusis on datastorage,retrieval operations,spatial
indexing andgraphicaluserinterfaces.Althoughafull-fledgeddatabasemanagementsystem(DBMS) must

2Althoughthis classificationwasoriginally intendedfor GISs,it is applicableto spatialdatabasesaswell.
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alsoaddressotherimportantissuessuchasconcurrency control,security, andtransactionmanagement,we
do not do this hereasthey arebeyondthescopeof this paper. Our aim is to show theutility of a scripting
languageby obtaininga suitableset of scripting languageextensionsto build applicationsfor querying
spatialdatabasesandpresentingtheretrievedinformationin agraphicalmanner. A coupleof examples,with
differentcomplexities,of suchanapplicationarepresentedin Section7. Thesearescaled-down versionsof
themoregenericSAND browser[10]. Notethatournotionof browsingis oneof spatialobjects,ratherthan
images(e.g.,[32]). Our ultimategoal is to beableto build a GeographicInformationSystem(GIS) using
only scriptswritten in thisextendedlanguage.

The restof this paperis organizedas follows. Section2 reviews the scriptingconcept. Sections3–
5 describehow SAND-Tcl enablesthe realizationof the definition of a spatialdatabase[14] given in the
openingof this section. In particular, Section3 discussesthe incorporationof an elementarydatabase
organizationandits operationsinto SAND-Tcl. Section4 dealswith the treatmentof spatialdatatypesin
SAND-Tcl. Section5 shows how SAND-Tcl handlesindexesincludingspatialindexesanddescribessome
constructsthat make useof themto facilitate the implementationof spatialqueries. Section6 discusses
how scriptingcanbe usedto generatequeryevaluationplanson-the-fly. Section7 overviews someof the
toolsprovidedby SAND-Tcl to enabletheuserto interactwith thespatialobjectsin agraphicalmannerand
presentsapairof examples.Section8 briefly describestheSANDBrowser, a full applicationbuilt underthe
SAND-Tcl environment.Section9 containsconcludingremarks.

2 The Scripting Concept

Until recently, themostcommonwayof interactingwith operatingsystemsandmostcomputerapplications
wasthroughtext-basedinterfaces.Theprogramwhichprovidesthemostdirectinterfacewith theoperating
system,termedashell, wouldthentakeuserinput(calledcommands), andarrangefor theappropriateaction
to beexecuted.Thoseactionswouldeitherbeperformedby theshellprogramitself or by anotherapplication
thatwouldbeinvokedfor thatpurpose.

Someshellprogramsbecamesophisticatedto thepoint of allowing usersto storecommandsequences
(calledscripts) thatcouldbeinvokedonrequest,andevenproviding programmingfacilitiessuchasvariables
andcontrolstructuresto enableusersto controlautomaticallywhichactionswereneededandin whatorder
they shouldbe performed. In fact, somecomputerapplicationsweresplit into several separateprograms
andreliedonshellscriptingtoolsto combinetheseprogramsto performagiventask.

Today, textual interfacesarebecominglessandlesscommon,beinggraduallyreplacedby graphicaluser
interfaces(GUI). Thus,modernshellsandinteractive computerapplicationsaremostlycontrolledby means
of graphicalelementssuchaswindows, icons,menusandpointers(calledWIMPs [24]). However, such
interfacesarenot designedto allow usersto specifycomplex sequencesof operationsin thesamemanner
asshell scripts.Therationaleis thatusersarenot supposedto program — this activity is consideredto be
restrictedto applicationdevelopers.This hasled to thecreationof featuressuchaskeyboardmacrosthat
areintendedto provide somemeansof customizationof frequentlyrepeatedoperations.

In somesense,scriptingcanbeviewedasanactivity thatlies somewherebetweenapplicationdevelop-
mentandend-userutilization. Thus,ascriptcanbeproducedby anapplicationdeveloperin orderto provide
someadditionalfunctionality, or it canbe written by an end-userin orderto automaticallyperformtasks
thatheor shehaslearnedto do interactively.

Scriptingdoesnot conflict with theuseof GUIs; instead,thetwo arecomplementary. Perhapsthebest
exampleof synergy betweenscriptingandGUIs is thecombinationbetweenthescriptinglanguageknown
asTcl [30], andTk [30], a graphicalinterfacetoolkit. Thus,onemay write a Tcl script, say, to remove
unwantedfiles in a givendirectoryand,at thesametime, useTk to provide a graphicaluserinterfacethat
will allow theuserto confirmtheoperationor to specifywhichfilesarenot to beremoved.
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Somescriptinglanguages(e.g.,Python[23], Scheme[7], Tcl [30]) canbeusedto accesscodewritten in
high-level compiledlanguagessuchasC or C++. In thesecases,scriptinglanguagesaresometimesreferred
to asembeddedlanguages.Theideais thatwhile critical, computationally-intensive partsof anapplication
needto beimplementedasefficiently aspossible(i.e.,compiled),otherpartscantakeadvantageof themore
flexible programmingenvironmentprovided by an embeddedinterpretedlanguage.The mechanismfor
this hybrid environmentconsistsof extendingthe embeddedlanguagewith commands(or othersyntactic
structures)which areboundto compiledcode.Thus,anapplicationdevelopedundersuchanenvironment
consistsof ascriptthatis executedby anextendedinterpreter.

Scriptingplaysacentralrole in SAND. Applicationsarewritten in SAND-Tcl by makinguseof:

1. Native Tcl/Tk commands.

2. TheTcl commandinterfaceto theSAND kernel.

3. Scriptsstoredin theSAND library.

This arrangementis shown in Figure1. TheSAND kernelimplementsthebasicaccessmethodsneededto
accessthetablesandindices(bothlinearandspatial)of thedatabase.TheSAND library implementshigher-
level functionalitysuchasqueryevaluationplansanda(still incipient)queryoptimizer. An importantaspect
of scriptinglanguagesis thatthey enabletheconstructionof codeon-the-fly. In otherwords,aninterpreted
environmentusually allows for scriptsthat have the ability to write otherscripts. The SAND optimizer
makesuseof this facility in orderto generatequeryevaluationplansin responseto aquerystringexpressed
in a form thatis similar to thewell-known “select-from-where”constructof SQL.Wereturnto this subject
in Section6.
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SAND Kernel

SAND 
Library

Tcl/Tk

Database

��� ����� �	� 
���
���� 
�� � � � ��
 ��� � ��������� � ! � � � ��"$#�
���� %�� %'& 
 ( � ��% � � 
 � ��� ) � � � � �
* � %�� +�� * � �,& 
 ( � �-% � � 
 � �.) 
���� 
�� � � � ��/0� � � � � ��� � * � ! � � � �1� � 
 �2� * ���3� � ��4 * � �2� * ���5 �76 �7838�9 "

It is importantto emphasizeat this point that the extendedinterpreteralreadyprovides most of the
functionalityneededto developnot one,but many applications,andhenceit is alreadya usefulproductin
its own right.

3 Elementary DatabaseOrganizationand Operations

In SAND,storageaccessmethodsweredesignedaccordingto arelational-like datamodel.Relations,linear
indices,andspatialaccessmethodsareall regardedasspecializedtableswith differentaccessstructures.
For example,let us definea relationcalled :�; <�= for storingattributesof cities aroundthe world. :�; <�=
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is composedof attributes >2? @2A (a string of no more than 20 characters),B�C B�D2E�? F2G C > (an integer) and
E C�H�? F2G C > (a point). This relationcanbecreatedfrom within a SAND-Tcl scriptby issuingthe following
command:

I J K L�M N O J P O�M Q P RSK J T�O�M U J N�V W X�Y,Z [ Z \�] J P�Q [ K�Q K P O ^ O N�] [ M J P�Q [ K_Z [�Q K P
Attribute E C�H�? F2G C > in the commandabove representsa spatialattribute (type B�C�G >�F ), wherethe x andy
coordinatevaluesrepresent,say, latitudeandlongitude.Noticethat E C�H�? F2G C > is handledin muchthesame
way astheothernon-spatialattributes(>2? @2A and B�C B�D2E�? F2G C > ). A linear index in theform of a B-tree[8]
anda spatialindex implementedaseithera PMR-quadtree[33] or anR-tree[16]3 canalsobespecifiedfor
relation H�G F�` usinga similar syntax.For example,thetwo commandsbelow createlinearindex H�G F�`�>2? @2A
for attribute >2? @2A andspatialindex H�G F�`2E C�H for attribute E C�H�? F2G C > :

I J K L�M N O J P O�Q K L O a�M Q P R K J T�OSM Q P RSK J T�OI J K L�M N O J P O�Q K L O a�M Q P R�] [ M_M Q P R�] [ M J P�Q [ K
In order to performinput andoutputon any tabletype, SAND providesa setof commoncommands

whichallow tuplesto bereador writtenoneata time. Every timeatableis openedfor I/O, abuffer (calleda
tuplebuffer4) for holdingonetupleof thattableis allocated.As aresultof anopenoperation,anew operator
(i.e., a command)calleda handleis createdon-the-flyin orderto accesstheopenedtableor its associated
tuplebuffer. Noticethatseveralopenedinstancesof thesametablemaybeactive ata time,eachreferenced
by adifferenthandle. Figure2 summarizesthecommandinterfaceto generaltables.

Commontableaccesscommandsareillustratedin thefollowing scriptwhichprintsall tuplesof relation
H�G F�` (i.e., theequivalentto SQLquery“select * fromcity” ):

b�c d
Scriptto list all tuplesof M Q P RW c I O P�M Q P R e J K L ] Ogf I J K LS[ Z O K�M Q P R hi�c I O P�I P J P \�Igf j M Q P R e J K L ] Olk�Q N�I P hm7c1n U�Q ] O�o j I P J P \�I ploq�c Z \ P�Igf j M Q P R e J K L ] O�^ O P hr�c I O P�I P J P \�I	f j M Q P R e J K L ] OlK O a P hs�c pt�c j M Q P R e J K L ] OSM ] [ I O

For thosenot familiar with thesyntaxof Tcl, a few explanationsarein order:

u A poundsign( v ) usedat thebeginningof a line denotesacomment.

u A dollarsign( w ) is usedfor variabledereferencing.Thus,constructw var denotesthevalueof variable
var.

uyx A F var valueassignsvalueto variablevar. Variablevar is createdandstorageis allocatedfor it if it
did notexist beforeexecutionof thecommand.

u Theconstruct z string { usedasa valuemeansthatstring is to beevaluatedasa commandandthe
resultusedinstead.

u B�D�F x string is oneof Tcl’s built-in commandsthatprintsstring on thestandardoutputdevice.

A walkthroughof thescriptgivenabove will helpto make theseconceptsclear:
3Thechoiceof which spatialindex shouldbeusedis doneby meansof a commandwhich is not explainedheresinceit is not

relevantto our discussion.It sufficesto saythatbothstructuresprovide exactly thesamefunctionality.
4Memory is dynamicallyallocatedfor relationswith variable-sizedattributessuchaspolygons. Whereasthis could lead to

excessive useof mainmemory(e.g.,for unusuallylargepolygons),this simplepolicy is adequatefor typicaldatasets.
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Command Semantics| } ~��	� ��� ~ name Opentablenameandreturnasits valueatablehandle(de-
notedby tableHandlein thecommandsbelow) which is a
pointerto astructurethatdescribesanew openinstanceof
tablename. In particular, tableHandlegivesaccessto the
tuplebuffer for usein subsequentI/O operations.

tableHandle��� �2| � Closetheopentablewith tuplebuffer tableHandle.
tableHandle��� � | � options Load the tuple buffer of tableHandlewith the first tuple

of thecorrespondingtable. Oneor moreoptionsmay be
specified,which will alter the order or imposeselection
conditionsfor retrieving tuples.Theavailableoptionsde-
pendon thetypeof thetable.Returnstrueor falseto indi-
catewhetheror not theoperationwassuccessful.

tableHandle~���� � Loadthetuplebuffer of tableHandlewith thenext tupleof
the correspondingtable. If optionswerespecifiedin the
corresponding��� � | � command,then they are respected
implicitly in fetchingthe next tuple. Returnsa true/false
successcode.

tableHandle� � � Return the tuple identifier, i.e., an integer numberthat
uniquelyidentifiesthe tuplecurrentlyloadedin the tuple
buffer of tableHandle.

tableHandle� � � Returna list with the valuesof all attributesin the tuple
buffer of tableHandle.

tableHandle.attr � � � Returnthevalueof attributenamedattr in thetuplebuffer
of tableHandle.

tableHandle}�|�| � � ~ value... value Replacethe valuesof theattributesin the tuple buffer of
tableHandlewith thegivenvalue’s in thesameorderspec-
ified in thetableschema.

tableHandle.attr | � � value Replacethe contentsof attribute namedattr in the tuple
buffer of tableHandlewith thegivenvalue.

tableHandle� ~�| � � � Add the contentsof the tuple buffer of tableHandleasa
new tuplein thetablecorrespondingto tableHandle.

tableHandle��� � � ��� Deletethemostrecentlyaccessedtuplefrom thetablecor-
respondingto tableHandle. Thesubsequentcontentof the
tuplebuffer is undefined.

��� ����� ��������� ���0� � �-� ��� �����0���.������ �¡ ¢�� £ ¤ ��¥�£ �3� �����0��� ¦ § ¨

1. Thefirst line is acomment.

2. In line 2, variable ��� ��©�ª2} ~�� � � is createdandinitialized with thetablehandleobtainedby executing| } ~��	� ��� ~ ��� ��© . All subsequentcommandsthat affect the just openedtablewill be invoked by
commandsstartingwith «���� ��©�ª2} ~�� � � .

3. In line 3, the first tuple of ��� ��© is fetchedfrom disk by command«���� ��©�ª2} ~�� � � ��� � | � , which
returnsaBooleancodedenotingthesuccessof theoperation.Thiscodeis storedin variable | �2} ��¬�| .
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4. Lines4 through7 implementa loop to fetchandprint consecutive tuplesof ­�® ¯�° . The loop is con-
trolled by thevalueof variable ± ¯2² ¯�³�± . Hence,whenthe fetchoperationin line 6 fails, the loop is
terminated.

5. Line 8 closestable ­�® ¯�° asit is theonewhosetuplebuffer is boundto ´�­�® ¯�°�µ2² ¶�·�¸ ¹ .
In additionto the commontablecommands,eachtabletype supportsadditionaltablecommandsthat

reflect their particularaccesscapabilities. Thus, relationscanbe referencedby tuple identifier (i.e., tid)
usingthe º�¹ ¯2­ » command,a linear index canbe accessedby its contentsusingthe º�® ¶�· command,and
spatialindicescanbeaccessedaccordingto severalgeometricconstraints.

As an exampleof the usageof table accesscommands,considerprocedure­�® ¯�°2¼�¸ ½�­�² ¯2® ½ ¶ which,
giventhenameof a city asanargument,returnsthecity’s location.Thestrategy for computingtheanswer
to this query involves the useof linear index ­�® ¯�°�¶2² ¾2¹ definedon attribute ¶2² ¾2¹ of ­�® ¯�° . In summary,
procedure­�® ¯�°2¼�¸ ½�­�² ¯2® ½ ¶ implementsanevaluationplan for a querythatwould beexpressedin SQL as
“select locationfromcity where name=argName”):

¿�À Á
Returnsthelocationof city Â Ã Ä Å Æ Ã Ç�ÈÉ�À1Ê Ä Ë ÌSÌ Í Î Ï�Ð Ñ Ë Ì Ã Î�Í Ë ÒSÓ_Ã Ä Å Æ Ã Ç�ÈSÔSÓÕ�À×Ö È Î�Ì Í Î Ï Ø Ã Ò Ù Ñ ÈgÚ Ö Ã Ò Ù_Ë Ê È Ò�Ì Í Î Ï ÛÜ7À×Ö È ÎSÒ Ã Ç�È Ø Ã Ò Ù Ñ ÈgÚ Ö Ã Ò Ù_Ë Ê È Ò�Ì Í Î Ï Ò Ã Ç�È ÛÝ�À Â Ò Ã Ç�È Ø Ã Ò Ù Ñ ÈlÞ�Í Ò Ù�Â Ã Ä Å Æ Ã Ç�Èß�À Â Ì Í Î Ï Ø Ã Ò Ù Ñ ÈlÞ È Î�Ì à'Ú Â Ò Ã Ç�È Ø Ã Ò Ù Ñ È�Î�Í Ù Ûá�À×Ö È ÎSÄ È Ö â Ñ ÎãÚ Â Ì Í Î Ï Ø Ã Ò Ù Ñ È À Ñ Ë Ì Ã Î�Í Ë ÒlÅ È Î Ûä�À Â Ì Í Î Ï Ø Ã Ò Ù Ñ È_Ì Ñ Ë Ö Èå�À Â Ò Ã Ç�È Ø Ã Ò Ù Ñ È_Ì Ñ Ë Ö È¿ æ�À Ä È Î â Ä Ò�Â Ä È Ö â Ñ Î¿ ¿�À Ô

Notice that in line 5 the linear index is usedto find a city in index ­�® ¯�°�¶2² ¾2¹ , whereasthecorresponding
tupleof ­�® ¯�° mustbefetchedwith a º�¹ ¯2­ » command(line 6). This is themechanismusedin SAND-Tcl
to establishtheconnectionbetweenindicesandrelations,i.e., index recordsstorethetupleidentifiersof the
correspondingrelationrecords.

4 Spatial Data Types

The term “spatial datatype” canbe usedto refer to several differentdataabstractions.It is reasonableto
assumethataspatialdatumis avaluethatdenotesat leasta locationin space,but frequentlyis tied to other
spatialnotionssuchasproximity, extentandshape.Thus,if we restrictthis discussionto two-dimensional
space,we may take for grantedthatsimplegeometricobjectssuchaspoints,linesandpolygonsareto be
considered“spatialdatatypes”.However, it is notclearwhatlevel of aggregationbetweensimpledatatypes
shouldbesupportedby aspatialdatabase.For example,apolygonalmap,i.e.,apartitionof spaceinto non-
overlappingadjacentpolygons,maybeconsidereda “complex” spatialdatatype.Of course,if thedatabase
supportspolygonsasa simpletype, thena polygonalmapmay be representedby a setof polygons,but
this representationschememustbeenforcedat all times. In otherwords,not all setsof polygonsrepresent
valid polygonalmapsandcaremustbe taken to avoid databaseoperationsthat might producean invalid
configurationof polygons.

Overall, when defining the datamodel for spatial information in the context of a DBMS, we must
considerwhat typesof operationsare to be performedon suchdataandhow theseoperationsaffect the
retrieval of datafrom disk. For instance,if polygonsareto be supportedasa spatialattribute type in the
context of arelationalDBMS, thenthey maybestoredin variable-lengthrecordsalongwith otherfixed-size
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attributes. Alternatively, we might chooseto keeppolygonsin a secondarydisk-baseddatastructureand
storeonly pointersto themin therelation.

In theSAND system,primitive spatialdatatypesaresupportedin the form of spatialattributes. Thus,
for instance,a polygonalmapcanberepresentedasa tablewhereoneof theattributesis of type ç�è�é ê�ë�è ì .
New spatialtypescanbe incorporatedinto the systemby meansof an extensionmechanism.SAND al-
readysupportssomeof the mostcommonprimitive geometricobjectsin two dimensions:ç�è�í ì�î , é�í ì�ï ,ð ï�ñ î2ò ì�ë�é ï , ç�è�é ê�ë�è ì , ç�è�é ê ð ï�ë�í è ì and ð ï�ë�í è ì (seeFigure3). For example,relation ñ�í î�ê definedearlier
containsspatialattribute é è�ñ�ò î2í è ì which is of type ç�è�í ì�î .

TypeName Semantics
ç�è�í ì�î A point.
é�í ì�ï A line segment.ð ï�ñ î2ò ì�ë�é ï An axes-alignedrectangle(i.e.,its edgesareparallelto the

coordinateaxes).
ç�è�é ê�ë�è ì A simple polygon, i.e., consisting of a single non-

intersectingcontour.
ç�è�é ê ð ï�ë�í è ì An arbitrarypolygoncontainingany numberof contours

or holes.ð ï�ë�í è ì An arbitraryorthogonalpolygon,i.e., a polygoncontain-
ing any numberof contoursor holes,but whoseedgesare
parallelto thecoordinateaxes.

ó�ô õ�ö�÷ ø�ù�ú�û7÷ ô ü3ô ý ô þ ø0ÿ � � ý ô ��� ��� ý ��ý ��� ø ÿ�ÿ ö�� � � ÷ ý ø ��ô �	��

�
���

The SAND storagemodelemploys oneof the following two strategieswhenhandlingattribute types
which arevariable-sized,namelythe ç�è�é ê�ë�è ì and ð ï�ë�í è ì types. They may be storedin tableswhose
recordsmayhave variablesize,or they maybestoredin separatedisk files (termedcontainers). If a table
includesanattributewhich is storedin a containerfile, theneachtuplecontainsonly a boundingstructure
(e.g., a minimum boundingrectangle)and a pointer for that attribute’s value in the containerfile. The
advantageof this approachis that the full valueof thespatialattribute is only accessedif thereis needfor
it (this is alsoknown asthe filter-and-refinestrategy [29]). For example,if a queryconsistsof selecting
tuplesbasedon thevalueof a non-spatialattribute, thenonly thetuplesthatsatisfytheconditionwill have
theattributevaluesstoredin containersretrieved. On theotherhand,accessingeachtuplethatsatisfiesthe
query involves two disk accesses:oneaccessto retrieve the non-spatialattributesand the pointer to the
spatialattribute,andanotheraccessto retrieve thespatialattributeproper.

Another aspectthat must be consideredis the set of operationsinvolving spatialdatathat are to be
supported.Somecommonoperationsare:

� Operationsthatcomputeintegral propertiessuchasarea, perimeter, or centroid.

� Geometricoperationswhich resultin anotherspatialobject.Theseinclude,amongothers:

– Computingtheconvex hull of apolygonor its minimumboundingrectangle.

– Set operationssuchas computingthe intersectionof two line segmentsor the union of two
polygons.

� Operationsthatdeterminerelationshipsbetweentwo objects.Thesecanbedividedinto thefollowing
categories[9]:
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– Topological relationshipssuchasdeterminingwhethertwo objectstouch,intersect,containor
arecontainedby eachother.

– Directional relationshipswhich try to ascertainthe relative location of two objectssuchas
whetheroneis above or to theleft of theother.

– Metric relationshipssuchasthedistancebetweentwo objects.

SAND-Tcl providesa commandinterfacefor the threespatialoperationswhich may be usedon any
spatialdatatype in SAND: ������� , � ����� ��� ��� ��� , and ����� ��� ��� � (seeFigure4). Additional operationsare
supportedfor somespatialdatatypes. For example,the ����� ��� �� �! � , "���! #� �� � , "���! #����� �� � � and ���� �� � �
typessupportthe "�� ��� $�� ��� � operatorwhich returnsthe length of their boundaries.The SAND kernel
currently implementsonly a small set of spatialdatatypesandoperationswhich aresufficient for most
GIS-relatedapplications.Theimplementationof amorecomprehensive setof spatialdatatypessuchasthat
definedby theROSEAlgebra[15] is underconsideration.

Command Semantics
������� s1 ... sn Returntheminimumboundingrectanglethatenclosesall

givenspatialobjects.
� ����� ��� ��� ��� s1 s2 Return1 (true) if s1 ands2 intersect,i.e.,have at leastone

point in common.
����� ��� ��� � s1 s2 ReturntheEuclideandistancebetweens1 ands2.

%�& '�(�) *�+�,.-�/
0
1.2 354 6 4 7�8	8:9�; < =5> 7 )�= ? 9 @ & 9�6 7�? * ) 9 @ & 7�; =.= ( ?�? 7 ) @ * <	> 7 )�9�6 6 = ? 9 @ & 9�6 <�9 @ 9
@ A�? * =:& ;B-�/�0
1�C

The scriptingenvironmentof SAND-Tcl allows the relatively small set of built-in spatialoperations
in SAND to becombinedso asto expressmany commonpredicates.For example,considerthepredicate
� � D���E�F ��G point feature. it evaluatesto true if feature (a spatialattribute of any type) consistsonly of
pointswhosey coordinatevaluesarelessthanthey coordinatevalueof point. Anotherway of expressing
this predicateis that it evaluatesto falseif thereis any point of feature with y coordinatevalueswhich are
greaterthanor equalto point.y(i.e, they coordinatevalueof point). A procedure� � D���E�F ��G thatimplements
thispredicatein SAND-Tcl canbeeasilyconstructed:H�IKJ L M NPO M Q R S�T M UPVWJ M�X Y RPU Z [ R Q L Z]\^V_`IaO Z RPY M L R S b Z N Rdc e e M fhg J M�X Y Rji k X Y Z]T�H Z ljH Z ljH Z ljH Z l�i mn`IoX U]V�c X Y R Z L�O Z N R�OWg U Z [ R Q L Z]g Y M L R S b Z N R m \pVqrI L Z R Q L Y]st`Ia\u`IvL Z R Q L YjHw`Ix\

In line 2 of thisscript,variable��� ����E�y���� � is assignedarectanglewith its bottomsidetouchingpointwhich
is wide andtall enoughto approximatethesemi-spacegiven by equationy z point{ y. This is ensuredby
computingtheboundingboxof pointandaline segmentdefinedbetweenpoints | } 109 ~ 109 � and | 109 ~ 109 � 5
(seeFigure5). A featureis not � � D���E�F ��G point if it intersects� ��� ����E�y���� � (lines 3 and4); otherwise,
procedure� � D���E�F ��G returns1 (i.e, true).

5It is clearthatvalues� 109 and109 areusedhereto representapproximationsof minusandplusinfinity, respectively. In prac-
tice, thesevalueswould becomputedby takinginto accountthenatureof theapplication.If spatialvaluesrepresentgeographical
entitiesexpressedin latitude-longitudeformat,then � 180and � 180(degrees)would suffice.
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point.x, point.y( )

109(-10 9, ) 109 109( , )

��� ����� �
���.�`���	� � � � � �B� � � ��� � � � �:� � ������� ���
point�
� � � ��� � � � ��� �  .� ¡ � �r� �B� � �.� � � � �   � � �� ¡ �B� � � � ��� ��� �	��� � ¢:�	¢�� � ¡¤£ � ��¥ � �p� � � �  
  � � �   � �¦� ¡ �B� � � ��� � � � �B§ ��� � �¨��£ © � � �   ª �

5 Indexing

Theterm“index” whenusedin thecontext of a databaseis a structuredesignedto facilitateaccessingthe
databasedon its contents.Whenthe datumbeingsearchedis non-spatial,the constraintsfor the search
usuallyconsistof requiringthe datato fall within a user-specifiedrange. If the operationis restrictedto
one-dimensionaldomains,thenthe index is said to be linear. Thus, if we considerour examplerelation«�¬ ��­ , thenlinearindex «�¬ ��­�®�¯ °�± canbeusedto quickly find “Berlin” or evenall citieswhosenamesstart
with “B”.

A linear index is frequentlyimplementedasa treestructurewhich maintainstheindexeddatain sorted
order. B-treesand its variations[8] are the mostwidely usedforms of linear indices. Thus, in order to
locateavalue,thetreeis traversedfrom therootuntil encounteringoneof its leaveswhichholdsthesought
value.Rangesof valuescanbesimilarly retrievedby usingthetreestructureto find neighboringleaves.The
orderinginducedby suchstructuresbecomesapparentin thebehavior of commands

� ¬ ² � � and
®�±�³ �

when
appliedto openlinear index tables. For example,if nameHandleis an openinstanceof table «�¬ ��­�®�¯ °�± ,
thennameHandle

� ¬ ² � � andnameHandle
®�±�³ �

canbeusedto retrieve all citiesin alphabeticalorder.
Whendealingwith spatialdata,indexing assumesa somewhatdifferentperspective sinceit is not pos-

sible to imposea total orderingon the values. Querieson spatialdataarebasedon proximity, i.e., they
consistof criteriato selectobjectswhich arecloseto locationsdesignated,say, by a point or a region. Data
structuresdesignedto copewith this problemareknown asspatial indicesor spatialaccessmethods. The
overall approachemployed in the designof suchstructuresis to strive to satisfythe propertythat objects
which areclosein spacearealso“close” within thescopeof thedatastructure.Somedatastructures,such
asthegrid file [27] andthek-d-tree[5] areespeciallyusefulwhenhandlingpoints.Otherdatastructuresare
suitedto handlenot only points,but alsospatialobjectswith extentsuchasline segmentsor polygons.For
example,theR-tree[16] andsomeof its variants[4, 35] aswell asquadtree-baseddatastructures[33] have
beenfoundusefulin spatialdatabaseenvironments.

Someof themostcommontypesof spatialselectionqueriesare:

´ Intersectionquery: Find all objectsthat intersect(i.e., have at leastonepoint in commonwith) a
spatialobjectgivenasanargument(termeda queryfeature). If thequeryfeatureis anaxes-aligned
rectangle,thenthisoperationis alsoknown asawindowqueryor a range query.
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