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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.
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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.

Application

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.

5



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} ��¬�| .

6



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.

%�& '�(�) *�+�,.-�/01.2 354 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-�/�01�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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µ Containmentquery: Find all objectsthatarecontainedin aqueryfeature.This is similar to theinter-
sectionqueryexceptthat theentireextentof thesoughtobjectshave to beenclosedwithin thequery
feature. Clearly, whenhandlingpoint dataobjects,containmentandintersectionqueriesareequiv-
alent. Also, sinceintersectionis a requirementfor containment,algorithmsandspatialindicesthat
supportintersectionqueriescanbe easilyadaptedfor to handlecontainmentqueriesby performing
additionalcontainmenttests.

µ Distancequery: Find all objectsthatarewithin a givendistanceof a queryfeature.In suchqueries,
“distance”usuallymeansEuclideandistance,but othermetricscanalsobeused,e.g.,thecity-block
(or Manhattan)metric. Notice that distancequeriesmay be viewed asspecialcasesof intersection
querieswherethedistanceis requiredto bezero(regardlessof whatmetricis used).

µ Rankingquery:Sortall theobjectsin orderof theirdistancefrom aqueryfeature.This is ageneraliza-
tion of thenearestneighborquerywhich is only interestedin thefirst objectof thesortedlist. When
rankingis performedon all existing objects,spatialindicesareof limited valuesincethis operation
canbeperformedby computingthedistancesof all objectsto thequeryfeatureandthensortingthere-
sultsusingconventionalmethods.However, if thesearchis to bedoneincrementally, spatialindexing
becomesindispensable.An incrementalrankingoperationshoulddeterminethe ¶ k · 1̧ st closestob-
ject by gatheringa minimumamountof additionalinformationafterhaving computedthekth closest
object. In particular, a goodimplementationof incrementalrankingshoulddeterminetheclosestob-
ject in thesameamountof timeasawell-designedalgorithmfor computingnearestneighborqueries.
Thus,to computethe ¶ k · 1̧ st nearestneighbor, it shouldnothave to computeall k · 1 neighbors.In
a sense,incrementalrankingcanbe regardedasthe mostgeneralspatialselectionquerysinceboth
intersectionanddistancequeriescanbe obtainedtrivially by examiningthe objectsreportedby the
rankingoperation.

In SAND, spatialindicesare tableswhich canbe accessedby meansof a PMR-quadtree[33] or an
R-tree[16]. All spatialselectionquerieslisted above are supportedby augmentedforms of the ¹�º »�¼ ½
command. Incrementalranking operationsare supportedby using the algorithm describedin [17, 19].
Thebehavior of the ¹�º »�¼ ½ commandcanbemodifiedto accommodatespatialselectioncriteriaby means
of options(refer to Figure6). Issuinga ¹�º »�¼ ½ command,possiblyaccompaniedby oneor morespatial
selectionoptions, initiates a new scanningprocessof the correspondingtable. Thus, subsequent¾�¿�À ½
commandsmay be usedto retrieve all tupleswhich satisfythe conjunctionof all conditionsexpressedin
the options. For example,the following script canbe usedto retrieve all tuplesof Á�º ½�Â in the northern
hemispherethat arenot fartheraway from “Paris” than“New York”6 in the orderof their distancefrom
“Paris”.

Ã�ÄxÅ Æ ÇPÈ É Ê�Ë Å Ì Í ÎÐÏ Î Ë Ç Ñ�Ò Ó Í Î É Ç�Ë Í ÔhÕ Ö É Ê�Ë Å�Õ ×Ø`ÄxÅ Æ ÇhÎ Ë Ç Ñ Ù É Ô Ú Ó ÆÛÏ Å É Ô ÚPÍ È Æ ÔhÎ Ë Ç Ñ ×Ü`ÄxÅ Æ ÇhÓ Í Î Ù É Ô Ú Ó ÆÛÏ Å É Ô ÚPÍ È Æ ÔhÎ Ë Ç Ñ�Ó Í Î ×ÝrÄxÅ Æ ÇPÔ Í Ê Ç Þ ß Æ Î Ç]à Ê Æ Î Ç É Ô á�Ó ÆPÒ�Ã Æ âPãjÃ Æ âäÃ Æ â åæ`ÄxÅ Æ ÇhÅ Ç É Ç ç�ÅÛÏ è Ó Í Î Ù É Ô Ú Ó ÆWé�Ë Ê�Å ÇhÒ Ê É Ô ê�Ë Ô á]è È É Ê�Ë Å Ì Í Î^Ò Ë Ô Ç Æ Ê�Å Æ Î Ç�Å^è Ô Í Ê Ç Þ ß Æ Î Ç ×ë`ÄKì Þ�Ë Ó Æ]à è Å Ç É Ç ç�Å åWàí`Äaè Î Ë Ç Ñ Ù É Ô Ú Ó ÆWé Æ Ç�Î ÞîÏ è Ó Í Î Ù É Ô Ú Ó ÆWÇ�Ë Ú ×ï`ÄoË é]à�Ï è Î Ë Ç Ñ Ù É Ô Ú Ó Æ`Ä Ô É ð�Æ¤á Æ Ç × ñ ñ�Õ ò Æ ì^ó Í Ê ê�Õ × å¤ô Ê Æ É êâ`ÄvÈ ç Ç�ÅÛÏ è Î Ë Ç Ñ Ù É Ô Ú Ó Æpá Æ Ç ×Ã ã`ÄõÅ Æ ÇhÅ Ç É Ç ç�Å`Ï è Ó Í Î Ù É Ô Ú Ó Æ¤Ô Æ ö Ç ×Ã Ã�Ä:åÃ Ø`Ä:è Î Ë Ç Ñ Ù É Ô Ú Ó ÆPÎ Ó Í Å Æ
6We assumethatboth“Paris” and“New York” arein thedatabase.

11



Option Semantics÷ ø�ù ú�û�ü ú�ý feature Denotesan incrementalranking operation. Tupleswill
be retrieved in increasingorderof distancefrom feature,
unlessoption ÷ þ�ù ø�ÿ������ ÿ is alsospecifiedin which case
tuplesare returnedin decreasingorder of distancefrom
feature.÷ ��ü ú distance Restrictsthe ranking operationso that tupleswhich are
closerthandistanceunitsfrom therankingfeaturearenot
considered.Must bespecifiedtogetherwith a ÷ ø�ù ú�û�ü ú�ý
option.÷ ��ù � distance Restrictsthe ranking operationso that tupleswhich are
fartherthandistanceunitsfrom therankingfeaturearenot
considered.Must bespecifiedtogetherwith a ÷ ø�ù ú�û�ü ú�ý
option.÷ þ�ù ø�ÿ������ ÿ Invertsthescanningordersothattuplesarereturnedin de-
creasingorderof distancefrom therankingfeature.Must
bespecifiedtogetherwith a ÷ ø�ù ú�û�ü ú�ý option.÷ ��ü ÿ���ü ú distancefeature Restrictsthescanningto tupleswhosedistanceto feature
is no greaterthan distance. feature is usually different
from therankingfeature.÷�ü ú�ÿ�� ø	� ��
 ÿ	� feature Restrictsthe scanningto tupleswhich intersectfeature.
feature is usuallydifferentfrom therankingfeature.÷�
 � ú�ÿ�ù�ü ú	� feature Restrictsthescanningto tupleswhichcontainfeature.

�� ��� � ��������� �  ��� ��� � � � ��!"!�#�� $ þ�ü ø	� ÿ&%�' � �(#�� ��)  � $&���"� � # �  #�)� � $� � � � *

+ ,.-�/ 0 1 2 3 4 5 6 0 782 0 1 9 7

A few observationsaboutthescriptgivenabove:

: In line 1, thelocationof Parisis obtainedusingtheprocedure
�ü ÿ�;�÷�< ��
�ù ÿ�ü � ú presentedin Section3.

: In line 4, variable ú�� ø�ÿ���=���
 ÿ is setto a rectanglethat representsthenorthernhemisphere.This is
similar to thecomputationof variableú�� ø�ÿ���=���
 ÿ in procedureú�� ø�ÿ���÷ ��þ (seeSection4).

: In line 7, thetupleof 
�ü ÿ�; thatcorrespondsto thecurrenttupleof cityloc is retrieved.

: It is not necessaryto know the locationof “New York” beforethescanof spatialindex 
�ü ÿ�;�< ��
 is
initiatedin line 5 sincethetupleswill beretrieved in orderof distancefrom “Paris”. Thus,whenthe
tuple that correspondsto “New York” is reached,all cities that arecloserto “Paris” will have been
reportedalready, andthesearchcanbeterminated.This testis madein line 8.

Spatialindicesmayalsobeusedin theimplementationof queriesknown asspatial joins. A spatialjoin
mayberegardedasageneralizationof aspatialselectionwherethequeryfeatureis anattributeof asecond
relation. For example,if we assumethe existenceof a relationcalled 
 � >�ú�ÿ�ø�; with attributes ú�ù ��� (the
nameof thecountry)and ù ø���ù (theregion occupiedby thecountry),thenanexampleof aspatialjoin is an
operationthatseeksto find all citieslying within eachcountry. Noticethatin orderto ascertainthatagiven
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city lies within a country, it shouldbethecasethatthecorrespondingvalueof attribute ? @�A�B C�D @ E of A�D C�F
intersectstheregion givenby attribute B G�H�B of A @ I�E�C�G�F .

Spatialjoinsareusuallyverycostlyto compute,especiallyin theabsenceof spatialaccessmethods.For
example,considera spatialjoin querybetweenrelationsA�D C�F and A @ I�E�C�G�F wherewe wish to computeall
pairsof tuplescityi /countryj wherecityi lies within countryj . This querymaybedecomposedinto several
spatialselectionqueriesof thesort“Retrieveall tuplesfromcity where locationintersectsareaj ”, in which
areaj correspondsto eachvalueof attribute B G�H�B of A @ I�E�C�G�F . Clearly, if nospatialindicesaredefined,then
the computationof eachspatialselectionqueryrequiresthat eachvalueof attribute B G�H�B of A @ I�E�C�G�F be
testedagainsteachvalueof attribute ? @�A�B C�D @ E of A�D C�F . However, this situationmaybeimprovedwith the
useof spatialaccessmethods.In particular, spatialindex A�D C�F�? @�A maybe usedin theevaluationof each
spatialselectionqueryin orderto speedup theaccessto tuplesof A�D C�F whose? @�A�B C�D @ E attribute intersect
a given B G�H�B value.This approachis merelyanextensionof thetechniqueknown asindex join [22] in the
context of conventionaldatabases.TheSAND-Tcl scriptbelow illustrateshow the index join techniquecan
beusedin answeringthespatialjoin queryjustdescribed:

J�KML N OQP R O S T U V W X NZY L U V W8[ \ N VQP R O S ]
^.KML N OQX [ P T U V W X NZY L U V W8[ \ N VQP R O S�X [ P ]
_.KML N OQP [ ` V O a S T U V W X NbY L U V W8[ \ N VQP [ ` V O a S ]
c KML N OQL O U O `�L�JdY e P [ ` V O a S T U V W X Ngf�R a�L O ]
h.Kji k�R X Nml e L O U O `�L�J ngl
o.KpL N OQL O U O `�L ^ZY e X [ P T U V W X Nqf�R a�L OQr R V O N a�L N P O�LdY e P [ ` V O a S T U V W X N.K U a N Ugs N O ] ]
t.Kui k�R X N8l e L O U O `�L ^ nvl
w.K e P R O S T U V W X Nqf N O�P kxY e X [ P T U V W X NgO�R W ]
y.K \ ` O�LQz�Y e P R O S T U V W X N.K V U {�N|s N O ]QR LQR VxY e P [ ` V O a S T U V W X N.K V U {�Ngs N O ]�z
J }.K L N O~L O U O `�L ^ZY e X [ P T U V W X NgV N � O ]
J J�K�n
J ^.K�L N OQL O U O `�L�J~Y e P [ ` V O a S T U V W X NgV N � O ]
J _.K�n
J c K�e P R O S T U V W X N8P X [ L N
J h.K�e X [ P T U V W X N8P X [ L N
J o.K�e P [ ` V O a S T U V W X NqP X [ L N

If bothdatasetsinvolved in the join operationaresupportedby spatialindices,thenthequerycanbe
computedby traversingtheindicesin tandem.Thisstrategy bearssomeresemblanceto thetechniqueknown
asmerge join [22] employed in mostDBMS’s. Spatialjoin algorithmsfollowing this approachhave been
reportedfor R-treesin [6] andfor PMR-quadtreesin [20]. Güntheralsodescribesanalgorithmfor in tandem
traversalof datastructurestermedgeneralizationtreesin [12].

SAND alsosupportsthe merge join approachwheretwo spatialindicesaretraversedin tandem[18].
Command� B E��d��@�D E in SAND-Tcl initiatesa join operationusingamerge-joinstrategy. It hasthefollow-
ing syntax:

� B E��b��@�D E tableHandle1tableHandle2option... option

wheretableHandle1and tableHandle2correspondto openspatialindex tablesandoption is zero,oneor
moreoptions.Theoptionsareexplainedbelow.

Thevaluereturnedby the � B E��d��@�D E commandis a tableHandlesimilar to that returnedby the � B E��
@ ��H E commandwhich is thenassignedto bethevalueof a variablesuchasjoinHandle, i.e., oncethejoin
operationis initiated, commands“ joinHandle ��D G	� C ” and“ joinHandle E�H�� C ” canbe usedto accessone
pairof tuplesata time. In fact,the � B E��b��@�D E commandimplementsavariationof theincrementalranking
operation,wherepairsof tupleslying at increasingdistancesarevisitedat eachstep.In particular, pairsof
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Option Semantics� �	� � distance Restricts the ranking operation so that tuples which
are closer than distanceunits from eachother are not
considered.� �	� � distance Restricts the ranking operation so that tuples which
are farther than distanceunits from eachother are not
considered.� ��� ��������� � Inverts the scanningorder so that pairs of tuplesare re-
turnedin decreasingorderof distance.

��� ��� � ��������� � � ���  �¡ � � ¢ ��£"£�¤�� ¥ � � ��¦d§�¨�� �	©

intersectingtuplesarereportedfirst. By usingthe � �	� � and � �	� � options,theprocesscanberestrictedto
reportpairsof tupleslying at any givenrangeof distances.Theoptionsaresummarizedin Figure7.

A sampleusageof the � � ��¦d§�¨�� � commandis illustratedin thescriptbelow, whichimplementsaspatial
join betweenrelationsª � ��« and ª ¨ ¬�������« by traversingspatialindices ª � ��«� ¨ ª (a spatialindex definedon
attribute  ¨ ª � ��� ¨ � of ª � ��« ) and ª ¨ ¬�������«�� ����� (aspatialindex definedonattribute � ����� of ª ¨ ¬�������« ). The
incrementalrankingoperationis restrictedto theretrieval of pairsof valueslying atdistancezerofrom each
other, sothattheresultingeffect is to retrieve pairscityi /countryj wherecityi is insidecountryj .

®�¯M° ± ²Q³ ´ ² µ ¶ · ¸ ¹ º ±Z» ° · ¸ ¹8¼ ½ ± ¸Q³ ´ ² µ ¾
¿.¯M° ± ²Q³ ¼ À ¸ ² Á µ ¶ · ¸ ¹ º ±b» ° · ¸ ¹8¼ ½ ± ¸Q³ ¼ À ¸ ² Á µ ¾
Â.¯M° ± ²Qº ¼ ³ ¶ · ¸ ¹ º ±Z» ° · ¸ ¹8¼ ½ ± ¸Q³ ´ ² µ�º ¼ ³ ¾
Ã ¯M° ± ²m· Á ± · ¶ · ¸ ¹ º ±Z» ° · ¸ ¹8¼ ½ ± ¸Q³ ¼ À ¸ ² Á µ · Á ± · ¾
Ä.¯M° ± ²mÅ ¼�´ ¸ ¶ · ¸ ¹ º ±Z» ° · ¸ ¹8Å ¼�´ ¸QÆ º ¼ ³ ¶ · ¸ ¹ º ±qÆ · Á ± · ¶ · ¸ ¹ º ±8Ç È�· ÉmÊ ¾
Ë.¯M° ± ²Q° ² · ² À�°Z» Æ Å ¼�´ ¸ ¶ · ¸ ¹ º ±vÌ�´ Á�° ² ¾
Í.¯jÎ Ï�´ º ±mÐ Æ ° ² · ² À�° ÑvÐ
Ò.¯pÆ ³ ´ ² µ ¶ · ¸ ¹ º ±vÌ ± ²�³ Ïx» Æ º ¼ ³ ¶ · ¸ ¹ º ±v²�´ ¹ ¾
Ó.¯pÆ ³ ¼ À ¸ ² Á µ ¶ · ¸ ¹ º ±vÌ ± ²�³ ÏÔ» Æ · Á ± · ¶ · ¸ ¹ º ±v²�´ ¹ ¾
® Ê.¯Õ½ À ²�°QÖ�» Æ ³ ´ ² µ ¶ · ¸ ¹ º ±.¯ ¸ · È�±g× ± ² ¾Q´ °m´ ¸x» Æ ³ ¼ À ¸ ² Á µ ¶ · ¸ ¹ º ±.¯ ¸ · È�±|× ± ² ¾�Ö
® ®�¯�° ± ²Q° ² · ² À�°b» Æ Å ¼�´ ¸ ¶ · ¸ ¹ º ±v¸ ± É ² ¾
® ¿.¯�Ñ
® Â.¯�Æ Å ¼�´ ¸ ¶ · ¸ ¹ º ±8³ º ¼ ° ±
® Ã ¯�Æ · Á ± · ¶ · ¸ ¹ º ±8³ º ¼ ° ±
® Ä.¯�Æ º ¼ ³ ¶ · ¸ ¹ º ±8³ º ¼ ° ±
® Ë.¯�Æ ³ ¼ À ¸ ² Á µ ¶ · ¸ ¹ º ±q³ º ¼ ° ±
® Í.¯�Æ ³ ´ ² µ ¶ · ¸ ¹ º ±8³ º ¼ ° ±

6 On-the-fly Plan Generation

Queryoptimizers(e.g.,[3, 11, 21]) areprime examplesof programswhich generateotherprograms.The
ultimategoalof aqueryoptimizeris to produceaprogramthatevaluatesagivenqueryin themostefficient
manner. This programis called a query evaluation plan. A plan is usually constructedby combining
severalaccessstrategiessuchassequentialscans,indexedsequentialscans,nestedloops,etc.Oncea given
combinationof accessstrategiesis chosenby theoptimizer, adatastructuremustbecreatedto representthe
plan.Moreover, theremustbesomemechanismby which theactionsrepresentedby this datastructurecan
be performed.If the programmingenvironmentdoesnot allow for codeto be handledin muchthe same
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way asdata,implementingthis mechanismcanbefairly complicatedandawkward. On theotherhand,the
generationof plansin SAND is considerablysimplersinceaplanis simply a stringwhich canbecompiled
lateron-the-flyby theTcl engineandexecuted.

For example,considerthe index join script presentedin Section5 which computesall pairsof tuples
cityi /countryj wherecityi lies within countryj . Any index join plangeneratedby a queryoptimizerwould
probablyfollow thesameoverallstructureusedin thatscript,exceptthatothertables,attributesor predicates
might be involved. In short,a generalizedindex join plan might be expressedin a string containingthe
following text:

Ø�ÙMÚ Û Ü8Ü Ý Þ�ß Û à á Ý â ã ß ÛZä Ú Ý â ãqå æ Û â8ç è é ê ë à ì
à.ÙMÚ Û Ü~í â ã Û î à á Ý â ã ß ÛZä Ú Ý â ãqå æ Û â~ï ð ñ ë ò à ì
ó.ÙMÚ Û Ü8Ü Ý Þ�ß Û�Ø á Ý â ã ß ÛZä Ú Ý â ãqå æ Û â8ç è é ê ë�Ø ì
ô ÙMÚ Û ÜQÚ Ü Ý Ü õ�Ú�Ødä ö Ü Ý Þ�ß Û�Ø á Ý â ã ß Ûg÷�í ø�Ú Ü ì
ù.Ùjú û�í ß Ûmü ö Ú Ü Ý Ü õ�Ú�Ø ýgü
þ.ÙpÚ Û ÜQÚ Ü Ý Ü õ�Ú àZä ö í â ã Û î à á Ý â ã ß Ûv÷�í ø�Ú Ümÿ ë ê ë � ç�� � ç�ï � ð ÿ ì�.Ùuú û�í ß Û8ü ö Ú Ü Ý Ü õ�Ú à ývü�.Ù ö Ü Ý Þ�ß Û à á Ý â ã ß Ûq÷ Û Ü�� ûÔä ö í â ã Û î à á Ý â ã ß ÛgÜ�í ã ì
�.Ù è � ç�ï � ð
Ø �.Ù Ú Û Ü~Ú Ü Ý Ü õ�Ú àZä ö í â ã Û î à á Ý â ã ß Ûgâ Û î Ü ì
Ø Ø�Ù�ý
Ø à.Ù�Ú Û ÜQÚ Ü Ý Ü õ�Ú�Ø~ä ö Ü Ý Þ�ß Û�Ø á Ý â ã ß Ûgâ Û î Ü ì
Ø ó.Ù�ý
Ø ô Ù�ö Ü Ý Þ�ß Û à á Ý â ã ß Û	� ß å Ú Û
Ø ù.Ù�ö í â ã Û î à á Ý â ã ß Û	� ß å Ú Û
Ø þ.Ù�ö Ü Ý Þ�ß Û�Ø á Ý â ã ß Û	� ß å Ú Û

Theabove “template”scriptcontainstheessentialcontrolstructuresbut severalkey elements(denoted
by the all-uppercasesymbols)still needto be replaced.For instance,in order to generatethe index join
script presentedin Section5, 
�� ������ mustbe replacedby � � ��������� , 
�� ������ by ��� ��� , andso forth. It is
importanttonotice,however, thatthetechniqueof replacingkey elementsin atemplatescriptis substantially
morepowerful than,say, passingparametersto a procedurethatimplementstheoverall plan. For example,
supposethat our examplequeryis redefinedto be: “Print all pairsall pairsof tuplescityi /countryj where
cityi lies within countryj AND the populationof cityi is 100,000or more.” This canbe accomplishedby
replacingthe ��� 
�� �  key elementwith thefollowing:

í ÷Qü	ä ö Ü Ý Þ�ß Û à á Ý â ã ß Û.Ù æ å æ õ�ß Ý Ü�í å â ì !�Ø � � � � � ì ýgü
æ õ Ü�Ú#"�ä ö Ü Ý Þ�ß Û à á Ý â ã ß Û.Ù â Ý $�Û&% Û Ü ìQí Úmí âxä ö Ü Ý Þ�ß Û�Ø á Ý â ã ß Û.Ù â Ý $�Û'% Û Ü ì�"

ý

In otherwords,key elementsin a templatescriptcanbereplacednotonly by ordinarydatabut alsoby code
fragments. SAND’s queryoptimizerusesthis sameapproachin order to build complex plans. In some
sense,we mayconsiderthisprocessto bea form of rule-basedoptimization(see,for instance,[3]).

Onceall the key elementsof a templatescript aresubstituted,the resultingstring comprisesa fully
functionalplan.Thisstringcanthenbeevaluated,causingtheplanto beexecuted,or storedfor lateruse.

7 Scripts and Graphical User Interfaces

Scripting,aswe have seensofar, providesanadequatemeansfor expressingandimplementingthecrucial
aspectsof a spatialdatabaseapplication. Nevertheless,the text-basedinterfaceprovided by the language
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interpreteris too intimidatingfor theaverageuser. Moreover, a propervisualizationof spatialrelationships
requiresthatspatialobjectsbedisplayedgraphically. Hence,our scriptingenvironmentmustprovide tools
thatnot only make possibletheconstructionof graphicaluserinterfacesbut alsoenableusersto view and
interactwith spatialobjectsin agraphicalmanner. In accordanceto theoverall approachusedin thedesign
of SAND, the goal is not to provide a completemodel for graphicaluserinteraction(asdescribed,say,
in [37]), but ratherto provide loosely-coupledtoolsthatcanbeusedwithin ascript.

Theconstructionof a graphicaluserinterfaceusuallypresupposesa targetplatformenvironmentsuch
asMicrosoft Windows [25], Apple Macintosh[2], or OSF/Motif [28]. Althoughall of theseenvironments
have many elementsin common,eachGUI offers a differentsetof capabilities,visual stylesandinterac-
tion guidelineswhichconstitutewhatis termedtheGUI look-and-feel. More importantly, eachGUI vendor
providesadifferentprogramminginterface,whichwouldmake thedevelopmentof portablemulti-platform
applicationsa ratherdifficult task.Fortunately, however, Tcl alreadycomesequippedwith a scriptinginter-
faceto Tk [30], a ratherpowerful GUI toolkit. In fact,bothTcl andTk have beenportedto many platforms
providing native look-and-feelin mostof them,includingMicrosoftWindows andAppleMacintosh.

In Tk, GUI componentsarecalledwidgets. A widgetof a giventypeis createdby a correspondingTcl
command.For example,the (�)�*�*�+ , commandcreatesa labeledbutton which, whenpressed,performsa
giventaskexpressedby a script.Othercomponenttypesincluderadiobuttons,checkbuttons,menus,mes-
sages,textual entrywidgets,graphicaldrawing widgets,etc. Eachcomponentcreationcommandsupports
avarietyof optionsthatcontrolseveralaspectsof thecomponent.For example,the (�)�*�*�+ , commandsup-
ports,amongothers,option - *�.�/ * which is usedto specifythetext label to bedisplayedinsidethebutton
andoption -�0 + 1�1�2 ,�3 whichspecifiesthescriptto beexecutedwhenthebuttonis pressed.

Oncethe GUI componentsarecreated,they mustbe mappedto the screenby usingwhat is calleda
geometrymanager which controlstheir overall sizeandposition relative to eachotheror to the window
that containsthem. Tk providesa numberof geometrymanagersthatdiffer in their policiesfor arranging
components.Oneof themostcommonlyusedgeometrymanagersisknown asthepacker whichiscontrolled
by command4�2�0 5 .

Thewidget typesprovidedby Tk arepowerful enoughfor many applications.However, for our spatial
databaseapplicationwefoundaneedfor awidgetfor drawing spatialobjects.Thispromptedusto createin
SAND-Tcl acustomwidgetcalled 6�2 ,�3 7�2 4�8�9�: 4�;�2 < , whichcanbeusedto graphicallyinputanddisplayall
spatialtypesprovidedby SAND andto supportotherfeaturessuchaspanningandzooming.Thecommand
6�2 ,�3 7�2 4�8�9�: 4�;�2 < createsa new widgetof that type(i.e., an instanceof it). Its syntaxis similar to thatof
mostTkwidgets:

6�2 ,�3 7�2 4�8�9�: 4�;�2 < mapNametableHandleoption... option

wheremapNameis a symbolicnamefor the new instanceof widget 6�2 ,�3 7�2 4�8�9�: 4�;�2 < , and tableHandle
designatesanopentablepreviously returnedby : 2 ,�3=+ 4�. , command.Zero,oneor moreoptionscanalso
bespecifiedto changedisplayattributessuchascolors,line width, etc.

OnceaSandMapDisplaywidgetiscreated,it canbeusedtodisplaythespatialattribute7 of theopentable
givenby the tableHandleargument.mapNameidentifiesthenewly createdwidgetsothatall operationson
it areperformedby commandsprefixedby mapName. Figure8 summarizesthemostimportantcommands
on a 6�2 ,�3 7�2 4�8�9�: 4�;�2 < widgetnamedmapName.

As an example,considerthe script given below, which implementsa simpleGUI consistingof three
widgetsfor displayingtuplesof relation 0 + )�,�*�>�< oneat a time. Theappearanceof theGUI is illustratedin
Figure9.

7The ? @ A B C @ D E F G D H @ I widgetassumesthateachtablecontainsonly onespatialattributein its schema.This is nota restriction
of SAND, but we foundthatsuchanassumptionsimplifiedthedesignof thewidgetwhile not imposingtooseverea limitation for
mostapplications.
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Command Semantics
mapNameJ K�L M�N�O�L P�Q�K�O feature Displays the spatial featuregiven by feature, e.g., the

value of a spatialattribute or a constantsuchas R�S�T U�PV WXV W
.

mapNameQ�R�J�L P�O Shorthandnotationfor the J K�L M�N�O�L P�Q�K�O command.The
feature to bedisplayedin this caseis thevalueof thespa-
tial attributecurrentlyloadedin thetuplebuffer associated
with widget mapName(i.e., the oneboundto the table-
HandleargumentwhenwidgetmapNamewascreated).

mapNameT U�R�Q�P Type Enablestheuserto enteraspatialfeatureof thegivenType
(e.g., T U�R�Q�P�R�S�T U�P , T U�R�Q�P�Y�T U�O , etc.) by drawing it with
the mouse.The enteredfeatureis returnedasa resultof
thecommand.

Z�[ \�] ^ _a`�bdc�e�fgfih�j k lih l l e�m [ h n _ kpoq[ n rgoq[ k \�_ nts L R�u�L s O e vwn x�y _gz L U�J {�L R�|�T�} R�Y�L ~��
����� � �#� � � � � � � � � � � � �=� � � � ��� � � �#� � � � � � � ������ � � � � � � � � � � � � ����� ��� ������ � � � � � � ��� � ��� � �=� ��� � ��� � ��� � � � � � � � � � � � � �	�   ¡�¢ £�� � �¤¥�¦  � � � � �§� � � ¨ ��� � � ¨ �ª© « � ¨ ��©�� � � ¬ ¬�� � ��®��¯� � � � � � � � � � � � � �&� � ¨ �°��±� � ���²� � � � � � � � � � � � � � ��� � � ¬��'¡ � � �³��´� ��� � ��� � �	� � � � � �
µ���¶·��¦  � � � � �§� ¸ ��� ��� � � ¨ �ª© ¹ ��� ��©�� � � ¬ ¬�� � �	� ¨�� �� º��d� � � »§� ��� � ��� � �²� � � ¨ �§� ¸ ��� �

Z�[ \�]�^ _q¼�bt½t¾d¿ e v�h�jih�y�y À [ m h n [ e�jqoir [ m rik�[ l y�À h x ltm e�] j n ^ [ _ lte v�n r _dowe ^ À kÁe�j _qh nwhin [ fi_ �
few observationsaboutthescriptgivenabove:
Â ThreewidgetscomprisetheapplicationGUI: A

z L U�J {�L R�|�T�} R�Y�L ~ widgetcalled Ã J�T�} R�Y�L ~ (line 3),
andtwo Ä�Q�P�P�S U widgetscalled Ã U�O�Å P and Ã Æ Q�T P (lines4 and9, respectively).
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Ç The È É�Ê optionin line 3 specifiesthecolor (Ë�Ì�Í Î�Ï ) usedto fill polygons.In particular, countriesare
polygonswhichwill bepainted(filled) with thatcolor.

Ç Whenwidget Ð Ñ�Í�Ò Ó�Ô�Õ Ö is created(line 3), it automaticallydisplaysthetuplecurrentlyloadedin the
tuple buffer of ×�Ø Ù Ú�Û�Î�Ü�Ö�Ý�Õ Û�Ñ�Ô Ï ,thatis, thefirst tupleof table Ø Ù Ú�Û�Î�Ü�Ö retrieved in line 2. In this
particulardataset,this correspondsto Brazil (theleftmostcountryin Figure9).

Ç In line 4, option È�Ø Ù Þ�Þ�Õ Û�Ñ specifiestheactionthatis to beperformedeachtimetheuserpressesthe
buttonlabeled“Next”. This is ascriptthatextendsto line 7 andconsistsof obtainingthenext tupleof
Ø Ù Ú�Û�Î�Ü�Ö (line 5), printing thecountryname(line 6) anddisplayingits area(line 7). Figure9 shows
theappearanceof GUI afterthebutton“Next” waspressedtwice,returningKenyaandIndonesia.Theß Õ Û�Ñ à�Õ Ó�á�Í�Ò Ó�Ô�Õ Ö widget is designedso asto automaticallyhighlight thecurrentvalueof the tuple
buffer by meansof anenclosingrectangle.In Figure9, this correspondsto Indonesia.

Ç The Ó�Õ�Ø â geometrymanageris usedin this application.Sinceno additionalinformationotherthan
thewidgetnamesarespecifiedin line 10,thedefaultbehavior of Ó�Õ�Ø â is to displaywidgetsonebelow
theother.

Theexamplegivenabove providesa GUI for a very simplequery. A typical applicationwould include
a morenaturalgraphicalinteractionandquerieswhich aremorecomplex. We concludethis sectionwith a
completeGUI applicationthatimplementsspatialqueriesontheexamplerelationsØ�Í Î�Ö and Ø Ù Ú�Û�Î�Ü�Ö . The
purposeof this applicationis to enabletheuserto interactwith thedigital chartof theworld (DCW) and
obtainthecitiesof eachcountryheor sheselectswith themouse.Thescriptof thisapplicationis moderately
longandis givenin Figure10. Theinterestedreaderwill recognizethesimilarity existingbetweenthiscode
andthescriptspresentedearlier. Figure11shows thegraphicaluserinterfaceof theapplicationwheresome
of thecitiesof Brazil aredisplayed.

Thewindow is dividedinto threepanesdescribedbelow, from top to bottom:

1. Themaingraphicaldisplayareaimplementedby a
ß Õ Û�Ñ à�Õ Ó�á�Í�Ò Ó�Ô�Õ Ö widget.

2. A Î�Ï�ã Î widgetwherethenamesof countriesandcitiesareprinted.

3. A ä Ü�Õ Þ�Ï widgetcontainingthreecommandbuttons:

(a) First: Pressingthis button initiatesa new query. Oncethis button hasbeenpressed,the user
shouldmove themouseover oneof thecountriesdisplayedin themainareaandthenclick the
mousebutton. This resultsin printing thenameof thecorrespondingcountry, aswell asthatof
thenameof theclosestcity in thecorrespondingcountryto the locationwherethemousewas
clicked. Fromnow on, thecities(i.e., points)arerankedby pressingthe“Next” button. Notice
thateachtime theuserpressesthe“First” button,anew queryis started.

(b) Next: Pressingthis button retrievesthenext closestcity in theselectedcountryto the location
wherethemousewasclicked,displaysit on themaingraphicalarea,andprintsits name.

(c) Quit: Terminatestheapplication.

Thescriptshown in Figure10 is mostlybuilt with constructsandcommandsdescribedearlierin thispaper.
Nevertheless,it usesthefollowing featuresof Tkwhichhave notbeendiscussedsofar:

Ç The Î�Ï�ã Î widget named Ð Ì�Í�Ò Î�Ù Ü�Ö definedin line 10 is usedto exhibit textual information in a
GUI environment.As new countriesandcitiesareretrieved,their namesareappendedto thedisplay
usingtheconstruct“ Ð Ì�Í�Ò Î�Ù Ü�Ö=Í Û�Ò Ï Ü�Î²Ï Û�Ñ string” (lines17,21and27). Noticethat“ å Û ” (line 17)
denotesanewline character.
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æ�çéè
Openall tablesê�çìë í îðï ñ î ò ó ô õ ö ÷ í=ø ë ô õ ö�ù ú í õ#ï ñ î ò ûü�çìë í îðï ù ý õ î þ ò ó ô õ ö ÷ í=ø ë ô õ ö	ù ú í õ#ï ù ý õ î þ ò ûÿ¥çìë í îð÷ ù ï ó ô õ ö ÷ í=ø ë ô õ ö�ù ú í õ#ï ñ î ò�÷ ù ï û��çìë í î#ô þ í ô ó ô õ ö ÷ í=ø ë ô õ ö�ù ú í õ#ï ù ý õ î þ ò ô þ í ô û��çéè
Generateall GUI components��çéè
Main displaypane:��ç�� ô õ ö � ô ú ��ñ ë ú�÷ ô ò=ç ö�ñ ë ú�÷ ô ò	� ï ñ î ò ó ô õ ö ÷ í�
 � �� ��ñ î í	
 ë ñ � í�ü � ���çéè
Panefor printing countryandcity names:æ ��ç î í � î§ç ��ñ ë î ù þ ò	
 � í�ñ  � î�ÿæ æ�çéè
Commandpane:æ ê�ç�� þ ô ��í²ç ï ��ö

æ ü�ç�� ý î î ù õ§ç ï ��ö�ç ��ñ þ�ë î	
 î í � î�� ��ñ þ�ë î���
 ï ù � ��ô õ ö��æ ÿ¥ç ë í î�ú îXø ç ö�ñ ë ú�÷ ô ò#ñ õ ú ý î ú ù�ñ õ î ûæ ��ç�� ô þ í ô ó ô õ ö ÷ í���ñ þ�ë î�
 þ ô õ ��ñ õ 	� ú îæ ��ç�� ï ù ý õ î þ ò ó ô õ ö ÷ í�� í î�ï �§ø � ô þ í ô ó ô õ ö ÷ í�î�ñ ö ûæ ��ç±ç ��ñ ë î ù þ ò#ñ õ�ë í þ î�í õ ö � ! ù ý õ î þ ò#" ø � ï ù ý õ î þ ò ó ô õ ö ÷ í�ç õ ô � í$ í î û % õ��
æ ��ç�� ÷ ù ï ó ô õ ö ÷ í���ñ þ�ë î�
 ñ õ î í þ�ë í ï î�ë=ø � ô þ í ô ó ô õ ö ÷ í�ç ô þ í ô$ í î ûæ ��ç�� ï ñ î ò ó ô õ ö ÷ í�� í î�ï �Xø � ÷ ù ï ó ô õ ö ÷ í�î�ñ ö ûê ��ç±ç ö�ñ ë ú�÷ ô ò	ý ú ö ô î íê�æ�ç±ç ��ñ ë î ù þ ò#ñ õ�ë í þ î�í õ ö � !�ñ î�ñ í ë&"éø � ï ñ î ò ó ô õ ö ÷ í�ç õ ô ��í$ í î û'�
ê ê�ç)(ê ü�ç�� ý î î ù õ§ç ï ��ö�ç õ í � î	
 î í � î � * í � î��$
 ï ù � ��ô õ ö��ê ÿ¥ç�� ÷ ù ï ó ô õ ö ÷ í&õ í � îê ��ç�� ï ñ î ò ó ô õ ö ÷ í�� í î�ï �Xø � ÷ ù ï ó ô õ ö ÷ í�î�ñ ö ûê ��ç±ç ö�ñ ë ú�÷ ô ò	ý ú ö ô î íê ��ç±ç ��ñ ë î ù þ ò#ñ õ�ë í þ î�í õ ö �'+ ø � ï ñ î ò ó ô õ ö ÷ í�ç õ ô ��í, í î û'�ê ��ç)(
ê ��ç�� ý î î ù õ§ç ï ��ö�ç - ý�ñ î	
 î í � î � . ý�ñ î��$
 ï ù � ��ô õ ö	í ��ñ îü ��çéè

MapGUI componentsü�æ�ç ú ô ï �§ç ö�ñ ë ú�÷ ô ò²ç ��ñ ë î ù þ ò§ç ï ��ö
ü ê�ç ú ô ï �§ç ï ��ö�ç ��ñ þ�ë î²ç ï ��ö�ç õ í � î²ç ï ��ö�ç - ý�ñ î	
 ë ñ ö í�÷ í � îü ü�çéè

Initialize themaindisplaypanebydrawingall countriesü ÿ¥çìë í îðë î ô î ý�ë=ø � ï ù ý õ î þ ò ó ô õ ö ÷ í�ç ô þ í ô���ñ þ�ë î ûü ��ç�� ��ñ ÷ í	� � ë î ô î ý�ë (��ü ��ç±ç ö�ñ ë ú�÷ ô ò�ö þ ô � � í ô î ý þ í=ø � ï ù ý õ î þ ò ó ô õ ö ÷ í�ç ô þ í ô$ í î ûü ��ç ë í î#ë î ô î ý�ë=ø � ï ù ý õ î þ ò ó ô õ ö ÷ í�ç ô þ í ô'õ í � î ûü ��ç)(
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x A y z�{ |�} widget named ~ � |�� is createdin line 12 to enclosethe commandbuttons ~ � |��;~ y'� z&� � ,
~ � |��;~ �'}4� � and ~ � |��;~ � ��� � . The ��{4� � geometrymanageris informedthat thesebuttonsareto be
displayedsideby sideby meansof option �'� � �4}�� }4y � (line 32).

8 The SAND Browser

TheSAND-Tcl environmentshouldnot beregardedasmerelya tool for writing short,disposableapplica-
tions. Sucha view is sharedby many peoplewho arguethat this is the intendeduseof scriptingenviron-
ments,whereas“solid” or production-strengthsoftwareshouldbedevelopedentirely in standardcompiled
languagessuchasC or C++ . Our claim, andexperience,is that scriptingenvironmentscanbe usedfor
“solid” production-strength software. To supportour claim, we briefly describethe SANDBrowser, the
mostcomplex applicationwrittenundertheSAND-Tcl environment.It presentlyconsistsof 3000+linesof
Tcl codeandits purposeis to experimentwith interactionparadigmsfor expressingandpresentingspatial
andnon-spatialqueries.Figure12 presentsa typical SAND Browserwindow displayingthe(partial)result
of a distancesemi-joinquery[18].

3.2in
Distancejoin anddistancesemi-joinqueriescannotbe directly expressedin SQL, but canbe easily

expressedby theuserthroughtheSAND Browserinterface.Theparticularqueryresultbeingdisplayedin
Figure12 involvestwo relations:

1. �4� �4� which is thedatasetconsistingof citiesusedin previousexamples.
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2. �'�4�4�4�4� �4� whichcontainsthenameandposition(amongotherattributes)of all known nuclearfacili-
ties.

Thequeryresultsin browsingthe �4� �4� relationby finding theclosestelementof the �'�4�4�4�4� �4� relationto
eachcity. Successive city/nuclearfacility pairsareobtainedin theorderof increasingdistancebetweenthe
elementsof thepairs.Oncethequeryhasbeenrunto completion,wehaveeffectively foundfor eachfacility
f , its closestcitiessothatthesecitiesarecloserto f thanto any otherfacility f � suchthat f �#�� f . This is a
distancesemi-joinquerywherethesemi-joinis takenbetweenthe �4� �4� relationandthe �'�4�4�4�4� �4� relation.
It shouldbe notedthat this queryis closelyrelatedto theVoronoidiagramof thesetof pointsdefinedby
the �'�4�4�4�4� �4� relation— that is, thecities associatedwith a given facility f arethosethat fall within the
Voronoicell associatedwith f .

It is importantto point out that the codeof the SAND Browserscript dealsmostly with the aspects
of graphicalpresentationandinteraction. Critical andtime-consumingcodesuchasthat requiredby the
algorithmfor computingdistancejoinsor thealgoritmfor computingVoronoidiagramswasprogrammedin
C++ andencapsulatedinto theSAND-Tcl interpreter. This codecanbeaccessedby meansof a very small
setof Tcl commands.In fact, theanalogousC++ interface,i.e. thesetof C++ methodsfor accessingthe
samefunctionalityis at leastoneorderof magnitudemorecomplex thantheTcl bindings.Thisarrangement
proved to be beneficial,sincethe SAND Browserinterfacehasbeenoverhauledseveral timesin orderto
testseveral interactionschemes.Webelieve thatthepresentfunctionalityof theSAND Browserwould not
have beenachievedin pureC++,evenif anintegrateddevelopmentenvironment(IDE) wasused.Wearrive
to this conclusionnot on thebasisof theeasewith which userinterfacecomponentscanberearrangedin
Tcl/Tk, but ratheron thebasisof thetersenessof theSAND-Tcl interface.

9 Concluding Remarks

Consideringthecomplexity of operationssuchasspatialjoins,an“implementation”suchastheonegivenin
Section5 is surprisinglyterse.This is agoodexampleof theintermediatelevel of abstractionthatis possible
with a scripting language.While it doesnot offer the purely declarative abstractionprovided by, say, a
querylanguagesuchasSQL, it permitsa useror developerto createapplicationswithout delving into the
intricaciesof afull-featuredprogramminglanguage.Thedesignof asetof extensionsto beincorporatedinto
ascriptinglanguageshouldbeguidedby this idea.In otherwords,theuserof theextendedlanguageshould
have at handall the tools that arenecessaryto build an application.On the otherhand,theprogramming
interfacethatgivesaccessto thesetoolsshouldallow theuserthemaximumliberty in wielding them.

In view of the technicaldifficulties that are still to be resolved in the field of spatialdatabases,our
experiencehasbeenthata scriptinglanguageextendedwith constructsfor handlingspatialdataprovidesa
goodtrade-off betweenuser-friendlinessandrichnessof features.In particular, SAND-Tcl hasenabledthe
SAND system,while still a researcheffort, to offer realspatialprocessingcapabilitiesaswell asa modular
enoughdesignthatwill permitit to developinto amorematureenvironmentin thenearfuture.
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Æ'Ç È'É4Ê Ë$Ì Í4ÎWÏ'Ð4Ñ Ò	Ó#Ê Ô Õ;Ö Ë Ê>Ç Ñ × Ë Ê Ø Ð Ù Ë Ú�Û Ð ÜWÝTÖ Ë Ê>Ê Ë Þ�É Ë Ö × ÖQ× Ô�ß Ê Ô Õ;Ö ËW× à Ë
city
Ê Ë á Ð × Ç Ô4Ñ

ß Ð Ö Ë Ò7Ô'Ñ>× à Ë@Ð × × Ê Ç ß4É × Ë
posâ Û ß ÜTÖ Ë á Ë Ù × Ö;Ò'Ç Ö × Ð4Ñ Ù Ë;Ö Ë ã7Ç ä å Ô Ç ÑpÞ�É Ë Ê æ>Ø Ê Ô'ã�× à Ë@Ò'Ç Ð4á Ô ÈNß Ô ç âÐ4Ñ ÒQÛ Ù Ü&Ö Ë á Ë Ù × ÖT× à Ë

facility
Ê Ë á Ð × Ç Ô'Ñ@Ù Ô Ê Ê Ë Ö è Ô4Ñ Ò4Ç Ñ Èp× Ô>× à Ë>Ñ É Ù á Ë Ð Ê4Ø Ð Ù Ç á Ç × Ç Ë Ö Ú#Ï&É Ù Ù Ë Ö Ö Ç é Ë

Ù Ç × æ ê Ñ4É Ù á Ë Ð Ê'Ø Ð Ù Ç á Ç × æQè Ð Ç Ê Ö ë Ò4Ë Ñ Ô × Ë ÒNß æpÒ4Ð Ê ì ê á Ç È�à ×BÒ4Ô × Ö;Ç ÑQÛ Ò'Ü ë4Ð Ê Ë@Ò'Ç Ö è4á Ð æ Ë Ò7Ë Ð Ù à>× Ç ãpË
× à Ë�í îBË ç × ï�ß4É × × Ô'ÑNÇ Ö7è Ê Ë Ö Ö Ë Ò�Ú
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