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Abstract

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

1 Intr oduction

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

1. offersspatialdatatypesin its datamodelandquerylanguageand

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

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

1The supportof the National ScienceFoundationunder GrantsIRI-9712715and EIA-99-00268,the Departmentf Enegy
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andtherebyobviate the needfor userdefinedextensionswhich could be provided by a scripting facility.

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

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

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

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

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

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

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

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

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

2 The Scripting Concept

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

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

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

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

Scriptingdoesnot conflict with the useof GUIs; instead the two arecomplementaryPerhapghe best
exampleof synegy betweenscriptingandGUIs is the combinationbetweenhe scriptinglanguageknovn
asTcl [30], and Tk [30], a graphicalinterfacetoolkit. Thus, one may write a Tcl script, say to remove
unwantedfiles in a givendirectoryand,at the sametime, useTk to provide a graphicaluserinterfacethat
will allow theuserto confirmtheoperationor to specifywhich files arenotto beremaoved.
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Somescriptinglanguagesge.g.,Python[23], Schemd7], Tcl [30]) canbeusedto accessodewrittenin
high-level compiledlanguagesuchasC or C++. In thesecasesscriptinglanguagegsresometimeseferred
to asembeddedanguagesTheideais thatwhile critical, computationally-intesive partsof anapplication
needto beimplementedasefficiently aspossiblgi.e.,compiled),otherpartscantake advantageof themore
flexible programmingenvironmentprovided by an embeddednterpretedlanguage. The mechanisnfor
this hybrid environmentconsistsof extendingthe embeddedanguagewith commandgor othersyntactic
structureswhich areboundto compiledcode. Thus,an applicationdevelopedundersuchanervironment
consistof a scriptthatis executedby anextendednterpreter

Scriptingplaysacentralrole in SAND. Applicationsarewrittenin SAND-Tcl by makinguseof:

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

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

Application SAND
Library

Tcl/Tk

SAND Kernel }H@ Database

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

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

3 Elementary DatabaseOrganization and Operations

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

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

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

sand createindex cityname city name
sand createindex cityloc city location

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

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

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

puts [$cityHandle get]

set status [$cityHandle next]

}

$cityHandle close

W ~NOOCWN-

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

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

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

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

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

A walkthroughof the scriptgivenabore will helpto make theseconcept<lear:

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

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

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

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

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

of tableHandle

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

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

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

tableHandledelete Deletethemostrecentlyaccessetlplefrom thetablecor

respondingo tableHandle The subsequentonteniof the
tuple buffer is undefined.

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

1. Thefirstline is acomment.

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

3. In line 3, the first tuple of city is fetchedfrom disk by command$cityHandle first, which
returnsa Booleancodedenotingthe succes®f the operation.This codeis storedin variablestatus.

6
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4. Lines4 through7 implementa loop to fetch andprint consecutie tuplesof city. Theloopis con-
trolled by the valueof variablestatus. Hence ,whenthe fetch operationin line 6 fails, theloop is
terminated.

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

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

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

1. # Returnghelocationofcity $argName

2. proc city-location { argName } {

3 set cityHandle [sand open city]

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

6. $cityHandle fetch [$nameHandle tid]

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

1.}

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

4 Spatial Data Types

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

Overall, when defining the datamodel for spatialinformationin the context of a DBMS, we must
considerwhat typesof operationsareto be performedon suchdataand how theseoperationsaffect the
retrieval of datafrom disk. For instance,f polygonsareto be supportedasa spatialattribute typein the
contet of arelationalDBMS, thenthey maybestoredin variable-lengtirecordsalongwith otherfixed-size
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attributes. Alternatively, we might chooseto keeppolygonsin a secondandisk-basedatastructureand
storeonly pointersto themin therelation.

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

TypeName | Semantics

point A point.

line A line sggment.

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

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

polyregion | An arbitrarypolygoncontainingary numberof contours
or holes.

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

Figure 3: Primitive spatial data types supported in SAND.

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

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

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

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

s Operationghatdeterminerelationshipsbetweertwo objects.Thesecanbedividedinto thefollowing
catgyories[9]:
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— Topolayical relationshipssuchasdeterminingwhethertwo objectstouch,intersect,containor
arecontainecby eachother

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

— Metric relationshipssuchasthe distancebetweertwo objects.

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

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

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

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

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

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

return 1

~NOo O WN -

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

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

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

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

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

9
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(point.x=, point.y)
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Figure 5: Computing predicate south-of point Only features that do not intersect
the rectangle drawn with broken lines satisfy the predicate (gray objects).

5 Indexing

Theterm“index” whenusedin the contet of a databasés a structuredesignedo facilitateaccessinghe
databasedon its contents. Whenthe datumbeing searcheds non-spatial the constraintsfor the search
usually consistof requiringthe datato fall within a userspecifiedrange. If the operationis restrictedto
one-dimensionafiomains,thenthe index is saidto belinear. Thus,if we considerour examplerelation
city, thenlinearindex cityname canbeusedto quickly find “Berlin” or evenall citieswhosenamesstart
with “B”.

A linearindex is frequentlyimplementedasa treestructurewhich maintainsthe indexed datain sorted
order B-treesandits variations[8] arethe mostwidely usedforms of linearindices. Thus,in orderto
locatea value,thetreeis traversedfrom the root until encounteringoneof its leaveswhich holdsthe sought
value.Range®f valuescanbesimilarly retrieved by usingthetreestructureto find neighboringeaves. The
orderinginducedby suchstructuredbecomespparentn the behaior of command<£irst andnext when
appliedto openlinear index tables. For example,if nameHandlgs an openinstanceof table cityname,
thennameHandlegirst andnameHandleext canbeusedto retrieve all citiesin alphabeticabrder

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

Someof themostcommontypesof spatialselectionqueriesare:

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

10
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s Containmentjuery: Find all objectsthatarecontainedn a queryfeature.Thisis similarto theinter
sectionqueryexceptthatthe entireextent of the soughtobjectshave to be enclosedwithin the query
feature. Clearly whenhandlingpoint dataobjects,containmeni&andintersectionqueriesare equv-
alent. Also, sinceintersectionis a requiremenfor containmentalgorithmsand spatialindicesthat
supportintersectionqueriescan be easily adaptedor to handlecontainmeniqueriesby performing
additionalcontainmentests.

¢ Distancequery: Find all objectsthatarewithin a givendistanceof a queryfeature.In suchqueries,
“distance”usuallymeanstEuclideandistance put othermetricscanalsobe used,e.g.,the city-block
(or Manhattan)metric. Notice that distancequeriesmay be viewed as specialcasesof intersection
guerieswherethedistancds requiredto be zero(regardlesof whatmetricis used).

e Rankingquery: Sortall theobjectsin orderof theirdistancdrom aqueryfeature. Thisis ageneraliza-
tion of the nearestneighborquerywhich is only interestedn thefirst objectof the sortedlist. When
rankingis performedon all existing objects,spatialindicesare of limited value sincethis operation
canbeperformedoy computingthedistance®f all objectsto thequeryfeatureandthensortingthere-
sultsusingcorventionalmethods However, if thesearchs to bedoneincrementallyspatialindexing
becomesndispensableAn incrementakankingoperationshoulddeterminethe (k+ 1)t closestob-
ject by gatheringa minimumamountof additionalinformationafterhaving computedhe k" closest
object. In particular agoodimplementatiorof incrementatankingshoulddeterminethe closestob-
jectin the sameamountof time asawell-designedalgorithmfor computingnearesteighborqueries.
Thus,to computethe (k+ 1)St nearesheighboy it shouldnot have to computeall k+ 1 neighborsin
a sensejncrementakanking canbe regardedasthe mostgeneralspatialselectionquery sinceboth
intersectionand distancequeriescanbe obtainedtrivially by examiningthe objectsreportedby the
rankingoperation.

In SAND, spatialindicesaretableswhich canbe accessedy meansof a PMR-quadtred33] or an
R-tree[16]. All spatialselectionquerieslisted above are supportedby augmentedorms of the first
command. Incrementalranking operationsare supportedby using the algorithm describedin [17, 19].
Thebehaior of thefirst commandcanbe modifiedto accommodatspatialselectioncriteriaby means
of options(refer to Figure6). Issuinga first commandpossiblyaccompaniedy one or more spatial
selectionoptions initiates a newv scanningprocessof the correspondingable. Thus, subsequenhext
commandsnay be usedto retrieve all tupleswhich satisfy the conjunctionof all conditionsexpressedn
the options For example,the following script canbe usedto retrieve all tuplesof city in the northern
hemispherehat are not fartheraway from “Paris” than“New York”® in the orderof their distancefrom
“Paris”.

set parisLoc [city-location "Paris"]
set cityHandle [sand open city]
set locHandle [sand open cityloc]
set northRect {rectangle -1e9 0 1le9 le9}
set status [$locHandle first -ranking $parisLoc -intersects $northRect]
while {$status} {
$cityHandle fetch [$locHandle tid]
if {[$cityHandle.name get]=="New York"]} break
puts [$cityHandle get]
10. set status[$locHandle next]
11. }
12. $cityHandle close

W ~NOOOE WNE

©

6we assumehatboth“Paris” and“New York” arein thedatabase.
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Option Semantics

-ranking featue Denotesan incrementalranking operation. Tupleswill
be retrieved in increasingorder of distancefrom featue,
unlessoption -farthest is alsospecifiedin which case
tuplesarereturnedin decreasingorder of distancefrom
featue.

-min distance Restrictsthe ranking operationso that tupleswhich are
closerthandistanceunitsfrom therankingfeaturearenot
considered.Must be specifiedtogethemwith a -ranking
option.

-max distance Restrictsthe ranking operationso that tupleswhich are
fartherthandistanceunitsfrom therankingfeaturearenot
considered.Must be specifiedtogetherwith a -ranking
option.

-farthest Invertsthescanningordersothattuplesarereturnedn de-
creasingorderof distancefrom therankingfeature.Must
be specifiedtogethemwith a-ranking option.

-within distancefeatue | Restrictsthe scanningo tupleswhosedistanceto featue
is no greaterthan distance featue is usually different
from therankingfeature.

-intersects featue Restrictsthe scanningto tupleswhich intersectfeatue.
featue is usuallydifferentfrom the rankingfeature.
-contains featue Restrictsthe scanningo tupleswhich containfeatue.

Figure 6: Options for command first when applied on spatial indices.

13. $locHandle close

A few obserationsaboutthe scriptgivenabove:

In line 1, thelocationof Parisis obtainedusingtheprocedureity-location presentedh Section3.

In line 4, variablenorthRect is setto arectanglethat representshe northernhemisphere This is
similar to the computatiorof variablenorthRect in procedurenorth-of (seeSectiord).

In line 7, thetupleof city thatcorrespondso the currenttuple of citylocis retrieved.

It is not necessaryo know the locationof “New York” beforethe scanof spatialindex cityloc is
initiatedin line 5 sincethetupleswill beretrievedin orderof distancefrom “Paris”. Thus,whenthe
tuple that correspondso “New York” is reachedall citiesthatare closerto “Paris” will have been
reportedalready andthe searchcanbeterminated.Thistestis madein line 8.

Spatialindicesmay alsobe usedin theimplementatiorof queriesknown asspatialjoins. A spatialjoin
may beregardedasa generalizatiorof a spatialselectionwherethe queryfeatureis anattribute of a second
relation. For example,if we assumehe existenceof a relationcalled country with attributesname (the
nameof the country)andarea (theregion occupiedby the country),thenanexampleof a spatialjoin is an
operationthatseekdo find all citieslying within eachcountry Noticethatin orderto ascertairthata given
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city lies within a country it shouldbethe casethatthe correspondingalueof attributelocation of city
intersectgheregion givenby attribute area of country.

Spatialjoins areusuallyvery costlyto compute gspeciallyin theabsencef spatialaccessnethods For
example,considera spatialjoin querybetweerrelationscity andcountry wherewe wish to computeall
pairsof tuplescity;/country, wherecity; lies within country;. This querymay be decomposedhto several
spatialselectionqueriesof the sort* Retrieve all tuplesfromcity whee locationintersectsareg;”, in which
areg; correspondso eachvalueof attributearea of country. Clearly if nospatialindicesaredefinedthen
the computationof eachspatialselectionqueryrequiresthat eachvalue of attribute area of country be
testedagainsteachvalueof attribute location of city. However, this situationmaybeimprovedwith the
useof spatialaccessnethods.In particular spatialindex cityloc maybe usedin the evaluationof each
spatialselectionqueryin orderto speedup theaccesdo tuplesof city whoselocation attributeintersect
agivenarea value. This approachs merelyan extensionof the techniqueknown asindex join [22] in the
contet of corventionaldatabaseslhe SAND-Tcl scriptbelow illustrateshow theindex join techniquecan
beusedin answeringhe spatialjoin queryjust described:

set cityHandle [sand open city]
set locHandle [sand open cityloc]
set countryHandle [sand open country]
set statusl [$countryHandle first]
while {$statusi} {
set status2 [$locHandle first -intersects [$countryHandle.area get]]
while {$status2} {
$cityHandle fetch [$locHandle tid]
puts "[$cityHandle.name get] is in [$countryHandle.name get]"
set status2 [$locHandle next]

W ~NOOCWN-

o= = O
N = O -

}

set statusl [$countryHandle next]

-
w

-}
. $cityHandle close
. $1locHandle close

. $countryHandle close

=
(o I o I

If bothdatasetsinvolved in the join operationare supportedoy spatialindices,thenthe querycanbe
computeddy traversingtheindicesin tandem.This stratgy bearssomeresemblanceo thetechniqueknowvn
asmege join [22] emplo/edin mostDBMS'’s. Spatialjoin algorithmsfollowing this approachhave been
reportedor R-treesin [6] andfor PMR-quadtreem [20]. Giintheralsodescribesnalgorithmfor in tandem
traversalof datastructuresermedgenerlizationtreesin [12].

SAND alsosupportsthe mege join approachwheretwo spatialindicesaretraversedin tandem[18].
Commandsand joinin SAND-Tclinitiatesajoin operatiorusingameimge-joinstratgy. It hasthefollow-
ing syntax:

sand join tableHandleltableHandleZoption... option

wheretableHandlelandtableHandle2correspondo openspatialindex tablesandoptionis zero,oneor
moreoptions.The optionsareexplainedbelow.

Thevaluereturnedby the sand join commands atableHandlesimilar to thatreturnedby the sand
open commandwhich is thenassignedo bethe valueof a variablesuchasjoinHandle, i.e., oncethejoin
operationis initiated, commands'joinHandle first” and“joinHandlenext” canbe usedto accesone
pairof tuplesatatime. In fact,thesand join commandmplementsavariationof theincrementalanking
operationwherepairsof tupleslying atincreasingdistancesrevisited at eachstep.In particular pairsof
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Option Semantics

-min distance| Restricts the ranking operation so that tuples which
are closer than distanceunits from each other are not
considered.

-max distance| Restricts the ranking operation so that tuples which
are farther than distanceunits from eachother are not
considered.

-farthest Inverts the scanningorder so that pairs of tuplesarere-
turnedin decreasingrderof distance.

Figure 7: Options for command sand join.

intersectinguplesarereportedfirst. By usingthe -min and-max options,the processcanbe restrictedto
reportpairsof tupleslying atary givenrangeof distancesThe optionsaresummarizedn Figure7.

A sampleusageofthesand join commandsillustratedin thescriptbelon, whichimplementsaspatial
join betweerrelationscity andcountry by traversingspatialindicescityloc (aspatialindex definedon
attributelocation of city) andcountryarea (aspatialindex definedonattributearea of country). The
incrementalankingoperationis restrictedto theretrieval of pairsof valueslying at distancezerofrom each
other sothattheresultingeffectis to retrieve pairscity;/country wherecity; is insidecountry;.

1. set cityHandle [sand open city]

2. set countryHandle [sand open country]

3. set locHandle [sand open cityloc]

4. set areaHandle [sand open countryarea]

5. set joinHandle [sand join $locHandle $areaHandle -max 0]
6. set status [$joinHandle first]

7. while {$status} {

8. $cityHandle fetch [$locHandle tid]

9. $countryHandle fetch [$areaHandle tid]

10. puts "[$cityHandle.name get] is in [$countryHandle.name get]"
11. set status [$joinHandle next]

12. }

13. $joinHandle close
14. $arealandle close
15. $locHandle close
16. $countryHandle close
17. $cityHandle close

6 On-the-fly Plan Generation

Queryoptimizers(e.g.,[3, 11, 21]) areprime examplesof programswhich generateotherprograms.The
ultimategoalof aqueryoptimizeris to producea programthatevaluatesa givenqueryin the mostefficient
manner This programis called a query evaluation plan. A planis usually constructedoy combining
severalaccesstratgiessuchassequentiabcansjndexed sequentiascansnestedoops,etc. Oncea given
combinationof accesstratgiesis choserby theoptimizer a datastructuremustbe createdo representhe
plan. Moreover, theremustbe somemechanisnby which the actionsrepresentetdy this datastructurecan
be performed. If the programmingervironmentdoesnot allow for codeto be handledin muchthe same
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way asdata,implementingthis mechanisntanbefairly complicatedandawkward. On the otherhand,the
generatiorof plansin SAND is considerablysimplersincea planis simply a stringwhich canbe compiled
lateron-the-flyby the Tcl engineandexecuted.

For example,considerthe index join script presentedn Section5 which computesall pairsof tuples
cityi/country; wherecity; lies within country;. Any index join plangeneratedy a queryoptimizerwould
probablyfollow the sameoverall structureusedn thatscript,exceptthatothertables attributesor predicates
might be involved. In short, a generalizedndex join plan might be expressedn a string containingthe
following text:

set table2Handle [sand open TABLE2]
set index2Handle [sand open INDEX2]
set tablelHandle [sand open TABLE1]
set statusl [$tablelHandle first]
while {$statusi} {
set status2 [$index2Handle first SELECTOPTIONS]
while {$status2} {
$table2Handle fetch [$index2Handle tid]
ACTION
set status2 [$index2Handle next]

W ~NOOOE WNE

= O
N = O -

}

set statusl [$tablelHandle next]

-
w

-}
. $table2Handle close
. $index2Handle close

. $tablelHandle close

=
0 O b

The above “template” script containsthe essentiabontrol structuredout severalkey elementgdenoted
by the all-uppercasesymbols)still needto be replaced. For instance,in orderto generatehe index join
script presentedn Section5, TABLE1 mustbe replacedby country, TABLE2 by city, andsoforth. It is
importantto notice,however, thatthetechniqueof replacingkey elementsn atemplatescriptis substantially
morepowerful than,say passingparameter$o a procedureghatimplementshe overall plan. For example,
supposehat our examplequeryis redefinedto be: “Print all pairsall pairsof tuplescity,/country where
city; lies within country, AND the populationof city; is 100,0000r more” This canbe accomplishedy
replacingthe ACTION key elementwith thefollowing:

if {[$table2Handle.population]>100000]} {
puts "[$table2Handle.name get] is in [$tablelHandle.name get]"
}

In otherwords,key elementsn atemplatescriptcanbereplacedhotonly by ordinarydatabut alsoby code
fragments. SAND’s query optimizer usesthis sameapproachin orderto build comples plans. In some
senseywe may considerthis procesgo beaform of rule-basedptimization(see for instance][3]).

Onceall the key elementsof a templatescript are substituted the resulting string comprisesa fully
functionalplan. This string canthenbe evaluated causingthe planto be executed or storedfor lateruse.

7 Scripts and Graphical User Interfaces

Scripting,aswe have seensofar, providesanadequateneandor expressingandimplementingthe crucial
aspectof a spatialdatabaseapplication. Neverthelessthe text-basedinterface provided by the language
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interpreteris too intimidatingfor the averageuser Moreover, a propervisualizationof spatialrelationships
requiresthatspatialobjectsbe displayedgraphically Hence,our scriptingervironmentmustprovide tools

thatnot only make possiblethe constructionof graphicaluserinterfacesbut alsoenableusersto view and

interactwith spatialobjectsin a graphicalmanner In accordanceo the overall approactusedin the design
of SAND, the goalis not to provide a completemodelfor graphicaluserinteraction(as described say

in [37]), but ratherto provide loosely-coupledoolsthatcanbe usedwithin a script.

The constructionof a graphicaluserinterfaceusually presupposea tamget platform ervironmentsuch
asMicrosoft Windows [25], Apple Macintosh[2], or OSF/Motif [28]. Althoughall of theseervironments
have mary elementdn common,eachGUI offers a differentsetof capabilities,visual stylesandinterac-
tion guidelineswhich constitutewhatis termedthe GUI look-and-feel More importantly eachGUI vendor
providesa differentprogrammingnterface , which would make the developmentof portablemulti-platform
applicationsaratherdifficult task. Fortunately however, Tcl alreadycomesequippedwith a scriptinginter-
faceto Tk[30], aratherpowerful GUI toolkit. In fact,both Tcl and Tk have beenportedto mary platforms
providing native look-and-feein mostof them,including Microsoft Windows andApple Macintosh.

In Tk, GUI componentarecalledwidgets A widgetof a giventypeis createdby a correspondingcl
command.For example,the button commandcreatesa labeledbutton which, whenpressedperformsa
giventaskexpressedy a script. Othercomponentypesincluderadio buttons,checkbuttons,menusmes-
sagestextual entry widgets,graphicaldraving widgets,etc. Eachcomponentreationcommandsupports
avariety of optionsthatcontrolseveralaspect®f thecomponentFor example thebutton commandsup-
ports,amongothers,option-text which is usedto specifythe text labelto be displayedinsidethe button
andoption-command which specifieghe scriptto be executedwhenthebuttonis pressed.

Oncethe GUI componentare created they mustbe mappedto the screenby usingwhatis calleda
geometrymanger which controlstheir overall size and positionrelative to eachotheror to the window
that containsthem. Tk providesa numberof geometrymanagershat differ in their policiesfor arranging
componentsOneof themostcommonlyusedyeometrynanagerss known asthepader whichis controlled
by commandpack.

Thewidgettypesprovided by Tk arepowerful enoughfor mary applications.However, for our spatial
databasapplicationwe founda needfor awidgetfor draving spatialobjects.This promptedusto createn
SAND-TclacustomwidgetcalledSandMapDisplay, whichcanbeusedto graphicallyinputanddisplayall
spatialtypesprovided by SAND andto supportotherfeaturesuchaspanningandzooming.Thecommand
SandMapDisplay createsa new widgetof thattype (i.e., aninstanceof it). Its syntaxis similar to that of
mostTkwidgets:

SandMapDisplay mapNameableHandleoption... option

wheremapNamaes a symbolicnamefor the new instanceof widget SandMapDisplay, andtableHandle
designatesin opentablepreviously returnedby sand open command.Zero,oneor moreoptionscanalso
be specifiedo changdlisplayattributessuchascolors,line width, etc.

OnceaSandMapDisplayidgetis createdit canbeusedo displaythespatialattribute’ of theopentable
givenby the tableHandleagument.mapNamadentifiesthe newly createdvidgetsothatall operationson
it areperformedoy commandsgprefixed by mapNameFigure8 summarizeshe mostimportantcommands
onaSandMapDisplay widgethnamedmapName

As an example,considerthe script given below, which implementsa simple GUI consistingof three
widgetsfor displayingtuplesof relationcountry oneatatime. Theappearancef the GUI is illustratedin
Figure9.

’TheSandMapDisplay widgetassumeshateachtablecontainsonly onespatialattributein its schemaThisis notarestriction
of SAND, but we foundthatsuchanassumptiorsimplified the designof thewidgetwhile notimposingtoo severea limitation for
mostapplications.
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Command Semantics

mapNamelrawfeature featue | Displays the spatial feature given by featue, e.g., the
value of a spatialattribute or a constantsuchas point
10 10.

mapNamepdate Shorthanchotationfor the drawfeature command.The
featue to bedisplayedn this caseis thevalueof the spa-
tial attribute currentlyloadedn thetuplebuffer associated
with widget mapName(i.e., the one boundto the table-
HandleagumentwhenwidgetmapNamevascreated).
mapName.nput Type Enablegheuserto enteraspatialfeatureof thegivenType
(e.g.,inputpoint, inputline, etc.) by drawing it with
the mouse. The enteredfeatureis returnedasa resultof
thecommand.

Figure 8: Commands associated with widget mapName of type SandMapDisplay.

set countryHandle [sand open country]
$countryHandle first
SandMapDisplay .display $countryHandle -bg white
button .next -text "Next" -command {
$countryHandle next
puts [$countryHandle.name get]
.display update
}
button .quit -text "Quit" -command exit
0. pack .display .next .quit

= O 00 ~NO O WN-

F

]

el

Hext |
Quit |

Figure 9: GUI of an application which displays countries of the world one at a time.

few obsenrationsaboutthe scriptgivenabore:

e Threewidgetscomprisethe applicationGUI: A SandMapDisplay widgetcalled .display (line 3),
andtwo button widgetscalled .next and.quit (lines4 and9, respectrely).
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e The-bg optionin line 3 specifieghe color (white) usedto fill polygons.In particular countriesare
polygonswhichwill be painted(filled) with thatcolor.

¢ Whenwidget .display is createdline 3), it automaticallydisplaysthetuple currentlyloadedin the
tuple buffer of $countryHandle,thatis, thefirst tuple of table country retrievedin line 2. In this
particulardataset,this correspond$o Brazil (the leftmostcountryin Figure9).

¢ Inline 4, option-command specifiegheactionthatis to be performedeachtime the userpresseshe
buttonlabeled*Next”. Thisis ascriptthatextendsto line 7 andconsistf obtainingthe next tuple of
country (line 5), printing the countryname(line 6) anddisplayingits area(line 7). Figure9 shavs
theappearancef GUI afterthebutton“Next” waspressedwice, returningkeryaandindonesiaThe
SandMapDisplay widgetis designedso asto automaticallyhighlight the currentvalue of the tuple
buffer by meansof anenclosingrectangleln Figure9, this corresponds$o Indonesia.

e Thepack geometrymanageiis usedin this application. Sinceno additionalinformationotherthan
thewidgetnamesarespecifiedn line 10,thedefault behaior of pack is to displaywidgetsonebelow
theother

The examplegivenabove providesa GUI for avery simplequery A typical applicationwould include
amorenaturalgraphicalinteractionandquerieswhich aremore complex. We concludethis sectionwith a
completeGUI applicationthatimplementsspatialqueriesontheexamplerelationscity andcountry. The
purposeof this applicationis to enablethe userto interactwith the digital chartof the world (DCW) and
obtainthecitiesof eachcountryheor sheselectswith themouse.Thescriptof thisapplicationis moderately
longandis givenin Figurel0. Theinterestedeademwill recognizehesimilarity existing betweerthis code
andthescriptspresenteearlier Figurell shavs thegraphicaluserinterfaceof theapplicationwheresome
of thecitiesof Brazil aredisplayed.

Thewindow is dividedinto threepanesdescribedelaw, from top to bottom:

1. Themaingraphicaldisplayareaimplementedy a SandMapDisplay widget.
2. A text widgetwherethe namesof countriesandcitiesareprinted.
3. A frame widgetcontainingthreecommandbuttons:

(a) First: Pressinghis button initiatesa newv query Oncethis button hasbeenpressedthe user
shouldmove the mouseover oneof the countriesdisplayedin the mainareaandthenclick the
mousebutton. This resultsin printing the nameof the correspondingountry aswell asthatof
the nameof the closestcity in the correspondingountryto the locationwherethe mousewas
clicked. Fromnow on, the cities(i.e., points)areranked by pressinghe “Next” button. Notice
thateachtime the userpresseshe“First” button,a new queryis started.

(b) Next: Pressinghis button retrievesthe next closestcity in the selecteccountryto the location
wherethe mousewasclicked, displaysit onthe maingraphicalarea,andprintsits name.

(c) Quit: Terminatesheapplication.

Thescriptshavn in Figure10is mostly built with constructandcommandsiescribedearlierin this paper
Neverthelessit useshefollowing featuresof Tk which have notbeendiscussedofar:

e The text widget named.history definedin line 10 is usedto exhibit textual informationin a
GUI ervironment.As new countriesandcities areretrieved, their namesareappendedo the display
usingtheconstruct' .history insert endstring’ (lines17,21and27). Noticethat“\n" (line 17)
denotesanewline character
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1. # Openall tables

2. set cityHandle [sand open city]

3. set countryHandle [sand open country]

4. set locHandle [sand open cityloc]

5. set areaHandle [sand open countryarea]

6. # Geneateall GUI components

7. # Maindisplaypane:

8. SandMapDisplay .display $cityHandle -bg white -size 300
9. # Panefor printing countryandcity names:

10. text .history -height 4

11. # Commandane:

12, frame .cmd

13. button .cmd.first -text "First" -command {

14. set pt [.display inputpoint]

15. $arealHandle first -ranking $pt

16. $countryHandle fetch [$areaHandle tid]

17. .history insert end "Country: [$countryHandle.name get]\n"
18. $locHandle first -intersects [$areaHlandle.area get]
19. $cityHandle fetch [$locHandle tid]
20. .display update
21. .history insert end "Cities: [$cityHandle.name get]"
22. }
23. button .cmd.next -text "Next" -command {
24. $locHandle next
25. $cityHandle fetch [$locHandle tid]
26. .display update
27. .history insert end ",[$cityHandle.name get]"
28. }
29. Dbutton .cmd.quit -text "Quit" -command exit

30. # MapGUI components

31. pack .display .history .cmd

32. pack .cmd.first .cmd.next .cmd.quit -side left

33. # Initialize themaindisplaypaneby drawingall countries

34. set status [$countryHandle.area first]

35. while {$status} {

36. .display drawfeature [$countryHandle.area get]

37. set status [$countryHandle.area next]

38. }

Figure 10: SAND-Tcl GUI application to list and display cities of countries selected
by the user.

19



To Appear in the Journal of Visual Languages and Computing

|
- [ =
Country: Brazil
Cities: Belem,Portoe Rlegre,Ric de Jansiro,
Zao Pauleo,Brasilia, falvador,Becife,
Fortaleza,Manaus, BEelo Horizonte,Curitiba|
First | Hext | Quit |

Figure 11: GUI of a sample application for querying cities and countries of the
world given in Figure 10.

e A frame widgetnamed.cmd is createdin line 12 to enclosethe commandbuttons .cmd.first,
.cmd.next and .cmd.quit. Thepack geometrymanagels informedthat thesebuttonsareto be
displayedsideby sideby meansf option-side left (line 32).

8 The SAND Browser

The SAND-Tcl ervironmentshouldnot be regardedasmerelyatool for writing short,disposableapplica-
tions. Sucha view is sharedby mary peoplewho amguethatthis is the intendeduseof scriptingerviron-
ments,whereas'solid” or production-strengtisoftware shouldbe developedentirelyin standarccompiled
languagesuchasC or C++. Our claim, and experience,is that scripting ervironmentscan be usedfor
“solid” production-strenty software. To supportour claim, we briefly describethe SAND Browser the
mostcomplex applicationwritten underthe SAND-Tcl ervironment.It presentlyconsistsof 3000+lines of
Tcl codeandits purposes to experimentwith interactionparadigmdor expressingand presentingspatial
andnon-spatiabjueries.Figure12 presents typical SAND Browserwindow displayingthe (partial) result
of adistancesemi-joinquery[18].

3.2in

Distancejoin and distancesemi-join queriescannotbe directly expressedn SQL, but canbe easily
expressedy the userthroughthe SAND Browserinterface. The particularqueryresultbeingdisplayedin
Figurel2involvestwo relations:

1. city whichis the datasetconsistingof citiesusedin previous examples.
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2. facility which containghe nameandposition(amongotherattributes)of all knowvn nuclearfacili-
ties.

Thequeryresultsin browvsingthe city relationby finding the closestelementof thefacility relationto
eachcity. Successie city/nuclearfacility pairsareobtainedin the orderof increasingdistancebetweerthe
element®f thepairs.Oncethequeryhasbeenrunto completionwe have effectively foundfor eachfacility
f, its closestitiessothatthesecitiesarecloserto f thanto ary otherfacility f7 suchthat f7 = f. Thisis a
distancesemi-joinquerywherethe semi-joinis takenbetweerthecity relationandthefacility relation.
It shouldbe notedthatthis queryis closelyrelatedto the Voronoidiagramof the setof pointsdefinedby
thefacility relation— thatis, the cities associatedvith a givenfacility f arethosethatfall within the
Voronoicell associateavith f.

It is importantto point out that the codeof the SAND Browser script dealsmostly with the aspects
of graphicalpresentatiorand interaction. Critical andtime-consumingcode suchasthat requiredby the
algorithmfor computingdistancgoins or thealgoritmfor computingVoronoidiagramsvasprogrammedin
C++ andencapsulatethto the SAND-Tcl interpreter This codecanbe accessetyy meansof a very small
setof Tcl commands.n fact, the analogousC++ interface,i.e. the setof C++ methodsfor accessinghe
samefunctionalityis atleastoneorderof magnitudemorecomplec thanthe Tcl bindings.Thisarrangement
proved to be beneficial,sincethe SAND Browserinterfacehasbeenoverhauledseveral timesin orderto
testseveralinteractionschemesWe believe thatthe presentunctionality of the SAND Browserwould not
have beenachiezedin pureC++, evenif anintegrateddevelopmentervironment(IDE) wasused.We arrive
to this conclusionnot on the basisof the easewith which userinterfacecomponentganbe rearrangedn
Tcl/Tk, but ratheronthe basisof thetersenessf the SAND-Tcl interface.

9 Concluding Remarks

Consideringhecompleity of operationsuchasspatialjoins, an“implementation”suchasthe onegivenin
Sections is surprisinglyterse.Thisis agoodexampleof theintermediatdevel of abstractiorthatis possible
with a scripting language. While it doesnot offer the purely declaratie abstractionprovided by, say a
guerylanguagesuchasSQL, it permitsa useror developerto createapplicationswithout delvinginto the
intricaciesof afull-featuredprogrammindanguage Thedesignof a setof extensiongo beincorporatednto
ascriptinglanguageshouldbe guidedby thisidea.In otherwords,the userof the extendedanguageshould
have at handall thetools thatarenecessaryo build an application. On the otherhand,the programming
interfacethatgivesaccesdo thesetools shouldallow the userthe maximumliberty in wielding them.

In view of the technicaldifficulties that are still to be resoled in the field of spatialdatabasespur
experiencehasbeenthata scriptinglanguagesxtendedwith constructdor handlingspatialdataprovidesa
goodtrade-of betweeruserfriendlinessandrichnessof features.In particular SAND-Tcl hasenabledhe
SAND systemwhile still aresearcteffort, to offer real spatialprocessingapabilitiesaswell asa modular
enoughdesignthatwill permitit to developinto amorematureervironmentin the nearfuture.
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Figure 12: Sand Browser interface. (a) User requests to browse the city relation
based on the attribute pos (b) selects distance semi-join query from the dialog box;
and (c) selects the facility relation corresponding to the nuclear facilities. Successive
city/nuclear facility pairs, denoted by dark/light dots in (d), are displayed each time

the “Next” button is pressed.
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