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Abstract

Businessestodayneedto interrelatedatastoredin diversesystems
with differing capabilities, ideally via a single high-level query
interface. We presentthe designof a query optimizerfor Gar-
lic [C � 95], amiddlewaresystemdesignedto integratedatafroma
broadrangeof datasourceswith verydifferentquerycapabilities.
Garlic’s optimizerextendstherule-basedapproach of [Loh88] to
workin aheterogeneousenvironment,bydefininggenericrulesfor
themiddleware andusingwrapper-providedrulesto encapsulate
the capabilitiesof each data source. This approach offers great
advantages in termsof plan quality, extensibilityto new sources,
incrementalimplementationof rulesfor new sources,andtheabil-
ity to expressthecapabilitiesof a diversesetof sources. We de-
scribethedesignand implementationof this optimizer, andillus-
trateits actionsthroughan example.

1 Intr oduction

Businessestodayrely ondatastoredin diversesystemswith
differingcapabilities.Somedataarein traditionaldatabase
systemswith a powerful query languageand efficient in-
dicesfor parametricdata. Othersare in spreadsheetsand
file systemswith limited querycapabilities,or in legacy ap-
plicationsystemswhichprovidespecializedwaysto access
andmanipulatedata. The emergenceof protocolssuchas
CORBA, OLE DB andJava/JDBCmakesit easierto access
this rangeof sources,while databasemiddlewaresystems
or mediators[Wie93] offer the possibility of interrelating
their datavia a singlehigh-level queryinterface. Thefirst
generationof commercialmiddlewaresystemshasgained
rapidacceptancein themarketplace.However, theseprod-
uctstypicallyconnectonlyalimitedsetof datasources,pre-
dominantlyrelational,andgenerallymodelall datasources
asrelationalsystems.This simplifiesthemiddlewarecon-
siderably, as it can assumethat all the datasourceshave
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similar capabilities.Thepriceof this simplificationis that
any specializedsearchor datamanipulationcapabilitiesof
the underlyingsystemscannotbe exploitedwhenthey are
accessedthroughthe middleware. Thus this first genera-
tion of middlewareis notextensibleto thearbitrarysystems
whichmayexist in a givenbusiness.

Several projects are addressingthe problem of mid-
dleware for increasinglydiversesystems[Day83, S� 94,
PGMW95, TRV96, LRO96]. Many of the data sources
thesesystemsintegratehave limited or specializedquery
processingcapabilities. Queriesin this environmentvary
widely in performancedependingon how andwheretheir
operationsareexecuted.Onekey challengefor thesesys-
temsis thusto developa general-purposequeryoptimizer
which canuseinformationaboutthe capabilitiesof a new
datasourceto producecorrectplansthatefficiently answer
queriesrangingoverdatain multiplesources,with differing
querycapabilities.Thispapertakesup thatchallenge.

In this paperwe presentthe designof a cost-basedop-
timizer for heterogeneousmiddlewaresystems. We have
implementedourapproachin Garlic [C � 95], a middleware
systemdesignedto integratedata from a broadrangeof
datasources,with very different query capabilities. Our
approachextendsLohman’s [Loh88] grammar-likerulesto
work in a heterogeneousenvironment. Data sourcesare
connectedto the middleware enginevia wrappers. The
optimizer is given a set of rules that capturethe engine’s
queryexecutionstrategies.Amongtheseareseveralgeneric
rules,which producesource-specificplansusingmatching
wrapper-providedrulesthatencapsulatethecapabilitiesof
a particulardatasource.A normaldynamic-programming
enumeratorfiresrulestogenerateall possiblealternativeex-
ecutionplansfor aquery.

We have pursuedand implementedour approachbe-
causeit hasseveralcrucialadvantages.First, sinceour op-
timizer is an extensionof a standardoptimizerwe get all
the benefitsof advancesin optimizer technology, as well
asthebenefitsof consideringtheentiresearchspace,lead-
ing to high quality, efficient plans. We believe oursis the
first solution basedon traditional dynamic-programming
techniques.Second,the systemis extensible. Regardless
of their datamodelandqueryprocessingcapabilities,new
wrapperscanbeintegratedwithoutaffectingotherwrappers
or themiddleware. Third, wrapperscanevolve gracefully.
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Figure1: GarlicSystemArchitecture

At any time, it is possibleto refineor addwrapperrulesto
improvetheperformanceof queriesoverthewrapper’sdata
sources.Finally, this approachis extremelyflexible, mak-
ing it possibleto integratewrappersof strangedatasources
with unusualqueryprocessingcapabilities.

Theremainderof thispaperisstructuredasfollows: Sec-
tion 2 describestheGarlic architecture.Section3 presents
theGarlic queryoptimizerandits built-in rules. Section4
showshow easyit is to modelthequerybehavior of diverse
sources.Section5 shows by examplehow the Garlic op-
timizer usesGarlic andwrapperrulesto optimizea query
acrossvery differentsources.Section6 discussesrelated
work, andSection7 concludesthepaper.

2 The Garlic System

Figure1 shows thearchitectureof Garlic [C � 95]. Thear-
chitectureis typical of many heterogeneousdatabasesys-
tems, e.g., [Day83, PGMW95, TRV96]. At the bottom
aredatasources,which store,accessandmanipulatedata.
Aboveeverydatasourceis a wrapper. A wrapperhidesthe
detailsof thedatasource’s interfaceandenablesaccessto
thedatasourceusingGarlic’s internalprotocols.Thewrap-
per describesthe datastoredin the sourceusing Garlic’s
datamodel,anobject-orientedmodelbasedon theODMG
standard[Cat96, C� 95]. Datain thesourceareviewedas
objects,andGarlic refersto theseobjectsusingan OID it
manufacturesbasedon thesource,theobject’s type,anda
uniquekey determinedby the wrapper. This OID allows
Garlic to apply methodson objects;from the OID, Garlic
candeterminetheappropriatewrapper, andthewrappercan
locatethenecessarydataandapply themethod.Wrappers
providemethodsto getthevalueof eachattributeof anob-
ject, andto encapsulateany specializedsearchcapabilities
of thesource.(Thesemethodsaretypically implementedas
commandsin thenativelanguageor programminginterface
of theunderlyingsource.)Thewrapperalsodefinesobject
collectionswhicharethetargetsof queriesin Garlic.

Thewrapperfurtherprovidesa descriptionof its query
processingcapabilitiesin the form of a set of rules (en-
capsulatedasplanningmethods[RS97]). Differentsources
mayvarygreatlyin theirqueryprocessingcapabilities,and
thuswill providedifferentrules.A wrapperdoesnothaveto
reflectthefull queryfunctionalityof its datasources.How-
ever, in orderfor thedatain thatdatasourceto beaccessible
throughqueries,someminimumfunctionalitymustbepro-

vided,i.e., at leastoneaccessrule. Wewill discusswrapper
rulesin Section4.

A systemcatalogrecordsthe global schema. When a
new datasourceis addedto a Garlic system,it is associ-
atedwith a wrapper. This association,aswell asthe data
source’s local schemaand any available statisticsfor its
data,is recordedin the catalogas part of the registration
processfor a datasource.Thecatalogalsocontainsinfor-
mationsuchasview definitionsandinformationaboutthe
systemconfigurationneededasinput to thecostmodeldur-
ing queryoptimization.

At theheartof Garlic areits queryservices,which play
the samerole as a mediatorin the architectureof other
systems[Wie93]. Garlic’s query serviceshave two ma-
jor components:a query languageprocessor, and a dis-
tributedqueryexecutionengine. The querylanguagepro-
cessortakesa queryasinput andobtainsanexecutionplan
for the query throughparsing,semanticchecking,query
rewrite, and query optimization(as in Starburst [H � 89]).
Thejob of theoptimizeris to constructandselectan“opti-
mal” planfor a givenquery, basedon a costmodel.Tradi-
tionalqueryoptimizersbuild plansbasedondetailed,built-
in knowledgeof thefull setof executionstrategiesavailable
and their costs. This is true even in distributed systems;
theoptimizermustknow thecapabilitiesandcostsfor each
remotedatasourceto decidewhich operationsto execute
at a sourceand which at the query site [FJK96]. Garlic,
however, mustbe able to find goodplanswithout built-in
knowledgeof datasources’capabilitiesandcosts;how it
accomplishesthis is thesubjectof thispaper.

Oncetheplanhasbeendeterminedby theoptimizer, its
executionis coordinatedby Garlic’s query executionen-
gine,which passessubqueriesto the wrappersandassem-
bles the final queryresult. Garlic’s executionengineis a
powerful systemableto performjoins,applypredicates,in-
voke methods,sort,aggregate,andsoon. This allows Gar-
lic to compensatefor functionality not presentin the data
sourcesor not reflectedby their wrappers,andto execute
itself thoseoperationsit candomoreefficiently.

3 Query Optimization in Garlic

To optimizea query, Garlic usesa setof STrategy Alterna-
tive Rules, or STARs [Loh88], which constructplansthat
canbehandledby Garlic’squeryengine.Garlic’senumera-
tor firesappropriateSTARs,following adynamicprogram-
mingmodel,to build plansfor thequerybottom-up.Garlic
differs from [Loh88] in that someof Garlic’s STARs are
generic. TheseSTARs arefired duringenumerationwhen
a pieceof work is found that can or must be doneby a
wrapper. GenericSTARs consultthe appropriatewrapper
to build their pieceof the plan. From the resultingsetof
completeplansfor thequery, theoptimizerselectsthewin-
ning plan basedon cost. This planwill thenbe translated
into anexecutable(or interpretable)format.



Property Description

T
�
ables setof tablesthathavebeenaccessedandjoined

Columns setof columnsof theoutputof theplan
Preds setof predicatesthathavebeenappliedin theplan

wheretheoutputis produced;i.e., the idSource
of adatasourceor Garlic’s executionengine
TRUE if theoutputof theplanis materialized;Mat
FALSE otherwise
asortexpr. if thetuplesof theoutputareordered;Order
NIL otherwise

Cost estimatedcostof theplan
Card estimatednumberof tuplesof theoutputof theplan

Figure2: GarlicPlanProperties

3.1 Plansin Garlic

Plansin Garlicaretreesof operators,or POPs(PlanOPera-
tors).EachPOPworksononeor moreinputs,andproduces
someoutput(usuallyastreamof tuples).TheinputtoaPOP
mayincludeoneor morestreamsof tuples.In a plan,these
areproducedby otherPOPs.Garlic’s POPsincludeoper-
atorsfor join, sort,filter (to applypredicates),fetch(to re-
trieve datafrom a datasource),temp(to make a temporary
collection)andscan(to retrieve locally storeddata). Gar-
lic alsoprovidesa genericPOP, calledPushDown, which
encapsulateswork to bedoneata datasource.

Plansarecharacterizedby asetof planproperties. Prop-
ertiesarea commonway to track thework that is donein
a plan [GD87, Loh88, M � 96]. It is particularlyimportant
to characterizeplanswith a fixed setof propertiesin Gar-
lic, becauseGarlic plansare(in part)composedof generic
PushDownPOPs. The actualwork being doneby these
POPsdependson thewrapperwherethework takesplace
andthequery, andis not understoodby Garlic or any other
wrapperin thesystem.However, thepropertiesprovidesuf-
ficient information aboutwhat is doneto allow Garlic to
properlyincorporatethePushDownPOPin aplan.

Wecharacterizeplansandtheiroutputby theeightprop-
ertiesdescribedin Table2. Thepropertiesof onePOPare
typically a functionof thepropertiesof its input POP(s),if
any. Propertiesarecomputedasthe POPsarecreated,by
STARs. The propertiesassignedto a plan arethe proper-
tiesof thetopmostPOPof theplan. Most of theseproper-
tiesareequivalentto thoseusedby optimizersof traditional
databasesystems.An exceptionis theSourceproperty. It is
usedto recordwheretheoutputstreamcomesfrom (Garlic
or a particulardatasource);theSourcepropertyis compa-
rableto theSitepropertyusedby R� [Loh88].

For example,Figure3 shows onepossibleplan for ex-
ecutingthequery“selectm.Bodyfrom Inbox m, Classesc
wherem.Subject= c.Courseandc.Prof= ’Aho’ ”, assum-
ing Inbox is definedby a simplemail wrapperthatonly an-
swersqueriesof the form “select OID from Inbox”, and
that Classescomesfrom a DB2 database.The leaves of
theplanarebothPushDownPOPs,but with quitedifferent
properties.A Fetch POPretrievesfrom Mail theattributes

Project

Tables: 
 Inboxm, Classesc�
Columns: 
 m.Body�
Preds: 
 c.Prof=’Aho’, m.Subject=c.Course�
Source: 
 Garlic�
Mat: false
Order: NIL

Join
Tables: 
 Inboxm, Classesc�
Columns: 
 m.OID,m.Subject,m.Body,c.OID,c.Course�
Preds: 
 c.Prof=’Aho’, m.Subject=c.Course�
Source: 
 Garlic�
Mat: false
Order: NIL

Fetch(m, � Subject,Body� )
Tables: 
 Inboxm�
Columns: 
 m.OID,m.Subject,m.Body�
Preds: 
��
Source: 
 Garlic�
Mat: false
Order: NIL

PushDown(Mail)

Tables: 
 Inboxm�
Columns: 
 m.OID�
Preds: 
��
Source: 
 Mail �
Mat: false
Order: NIL

PushDown(DB2)

Tables: 
 Classesc�
Columns: 
 c.OID,c.Course�
Preds: 
 c.Prof=’Aho’�
Source: 
 DB2�
Mat: false
Order: NIL

Figure3: OnePossibleQueryPlanfor:
SELECT m.Body FROM Inbox m,Classes c

WHERE m.Subject=c.Course AND c.Prof=’Aho’

SubjectandBodyfor eachOID returnedby thefirst Push-
DownPOP,compensatingfor theinability of Mail to return
thesevaluesdirectly� . Hence,Fetch’s propertiesinclude
thesetwo additionalcolumns. Note that it hasSource =
’Garlic’, reflectingthefact that it will beexecutedby Gar-
lic. TheJoin POP’s propertiesreflectthe two tablesof its
inputstreams,theunionof thecolumnsfrom thosestreams,
andthe predicateappliedby its (second)input, aswell as
the join predicate.Thefinal ProjectPOPensuresthatonly
theBodycolumnis returnedasspecifiedin thequery.

Oncetheoptimizerchoosesawinningplanfor thequery,
theplanis translatedinto anexecutableform. GarlicPOPs
aretranslatedinto operatorsthatcanbedirectlyexecutedby
theGarlic executionengine.Typically eachGarlic POPis
translatedinto a singleexecutableoperator. A PushDown
POPis usuallytranslatedinto a queryor setof API callsto
�
Thisis possiblebecause(1) theassignment(andretrieval duringquery

processing)of Garlic OIDs allows Garlic to go backto thedatasourceto
retrieve missinginformationand(2) wrappersmustprovide“get” methods
for any attributethey define.



thewrapper’s underlyingdatasource.Wrappersare,how-
ev� er, freeto translatethePushDownPOPsin whateverway
is appropriatefor theirsystem.

3.2 UsingSTARs to ProducePlans

Garlic’s STARs arecloselybasedon thework of [Loh88];
in fact, we have implementedthe Garlic optimizer as an
extensionof the DB2 CS [G � 93] versionof STARs. We
begin thissectionwith areview of thiswork,andthenfocus
onhow wehaveextendedSTARsto meetGarlic’sneeds.

STARscanbeseenastheproductionrulesof agrammar
thatgeneratesplans.Wecall thetopmostnon-terminalsym-
bolsof thegrammarroots. A STAR determineshow POPs
canbecombinedin a plan.A simpleSTAR maybuild only
a singlePOP, by invoking its constructor. Theconstructor
allocatesspacefor the POP, initializes variousfields, and
callsthepropertyfunctionto computethepropertiesof the
new POP(includingCardinality andCost).

Of course,few STARs arethat simple. Most includea
conditionfunction; if theconditionis true, thentheSTAR
builds its plan, otherwise,no plan is built. Also, a single
STAR may constructmultiple POPs,and multiple plans.
Multiple POPsarebuilt by calling the POPs’constructors
in sequence.Multiple plansresultwhentheSTAR is instan-
tiatedwith a setparameter, andcreatesa planfor eachele-
mentof theset—inthiscase,thecondition(if any) is evalu-
atedfor everyelementof thesetseparately. Finally, STARs
canalsoinvokeotherSTARs. Thus,STARsarerulesof the
following form (where��� is thenameof aSTAR or aPOP):

STAR � params����� ���! #" set �%$ � �&$('��*)+)+) �-,-$/.0�*)+)+)1�-, otherargs�
[if condition(args)] (1)

Note that when a STAR is instantiated,all propertiesof
all the resultingplansare computedautomatically, as the
variousPOPconstructorsarecalled.

For example,thefollowing STAR canbeusedto retrieve
columnsthat areneededby someotherSTAR, but which
havenotyet beenretrievedfrom therelevantwrapper.

FetchCols �324,-56, Plan���7� � Fetch�324,-568&, Plan�
if 5 8�9�;:<,=5 8 �;5?> Plan)Columns (2)

This STAR constructsa Fetch POP, if therearecolumns
neededthatarenot alreadypresentin thepropertiesof the
input plan. It builds at most one plan, dependingon the
valueof theconditionfunction. In the following example,
multipleplansmaybereturned(dependingon thecardinal-
ity of thesetof inputplans),andmultiplePOPsareuncon-
ditionally constructed.

DamStream �@
 Plan���A��� �B��CD"E
 Plan�F� Scan� Temp�1CG�H� (3)

DamStream is calledwhenanintermediateresultmustbe
stored.It is givena setof planswhich producethat result,
andaddsScanandTempPOPsto each.Examplesof more
complex STARs for a single-sourceDBMS can be found
in [Loh88]. Wewill look atsomeof Garlic’smorecomplex
STARs in Section3.5below.

Garlic definesa fixedsetof rootswith fixed interfaces,
correspondingto the different languagefunctions it sup-
ports. Thereare roots for select,group-by, insert, delete,
andupdate, which areinvokedby theplanenumeratorde-
pendingon the kind of query. In this paperwe focus
on select-project-joinqueries.Thesequeriesinvolve three
kindsof roots:AccessRoot (STARsfor single-collection
accesses),JoinRoot (for joins) andFinishRoot (for
ensuringthattheplanis complete).

To allow theGarlic optimizerto planquerieswhendata
comesfrom sourceswith differing querycapabilities,Gar-
lic includesseveralgenericSTARs. TheseSTARsconstruct
thegenericPushDownPOPdescribedabove. We will pre-
fix thenamesof thesegenericSTARs with Repoto remind
us that they representwork that will take placein a data
source(repository).Thereis a genericSTAR correspond-
ing to eachroot STAR (exceptFinishRoot, which is a
purely Garlic function). Thus, there is a RepoAccess
STAR and a RepoJoin STAR. When theseSTARs are
instantiated,they invoke rulesthe wrappermay have pro-
vided, thenusethe resultsto build a PushDownPOPand
computeits properties.If thereis no appropriatewrapper
STAR, they simply returnno plan. In many cases,Garlic
will find otherwaysof accomplishingthesamefunction.

We illustrate this usingGarlic’s RepoAccess STAR,
shown in Figure4. ThisSTAR invokestheplan access
rule, if any, definedby thewrapperof thedatasourcethat
containsthe collectionto be accessed.That rule returnsa
list of zeroor more“wrapperplans”.Thesearesimplydata
structures,uninterpretedbyGarlic,thatprovideinformation
the wrapperneedsto executethe accessif Garlic requests
it later. Also returnedarethe propertiesfor eachwrapper
plan; thesewill typically be(a subsetof) thepropertiesre-
questedwhentheSTAR wasinstantiated.TheSourceprop-
erty will becomputedby theds functionprovidedby Gar-
lic. TheGarlicRepoAccess STAR usestheseproperties
to setthepropertiesof thePushDownPOPsthatit creates.

Forpurposesof thispaper, weassumethatwrapperscon-
struct their plansusingSTARs. Note, however, that since
Garlicdoesnot interpretthewrapperplans(only theirprop-
erties),wrappersareactually free to constructtheir plans
however they wish, as long as the interface to Garlic is
STAR-like. Interestedreadersmay consult[RS97] for the
wrapper’s perspective on this process. STARs provide a
usefulmeansof capturingthewrappers’querycapabilities,
regardlessof implementation.Thus,whenweneedto char-
acterizethework donein a planby a wrapper, we will use
“wrapperSTARs” and“wrapperPOPs”to do so. We will
usewrapperSTAR namesthat startwith plan andareall
lowercasein ordertodistinguishwrapperSTARsfromGar-
lic STARs.



RepoAccess �324,-56,JIK���7� �?�0CL"LMON�P(Q P0R0RTS<U0UV�324,-56,JIK��� PushDown �1C!�
Condition:plan access(T, C, P)hasbeendefinedby thewrapperof thedatasourcethatstoresT.
Functions:none

Figure4: Garlic’sRepoAccess STAR
2 a table; 5 columnsof 2 usedin thequery; I restrictionson 2 definedin thequery

3.3 Plan Enumeration and Dynamic Programming

Garlic’s cost-based[S� 79] optimizerenumeratesplansby
invoking theappropriateroot STARs of Section3.2. Plans
for selectqueriesareenumeratedbottomupin threephases.
In thefirst phase,theenumeratorappliestheAccessRoot
STAR to every collectionusedin the query. Sinceat this
time Garlic storesno data,AccessRoot basicallyserves
to call RepoAccess.

In the second phase, the enumerator applies the
JoinRoot STAR, which invokes the RepoJoin STAR
as well as variousother join STARs, eachof which rep-
resentsoneGarlic join method. It appliestheJoinRoot
STAR iteratively, passingit two plansanda join predicate
eachtime. Initially, eachplanis oneof thoseenumeratedin
phaseonefor a singletableaccess.Whenall possibletwo-
wayjoin planshavebeenexamined,theenumeratorinvokes
theJoinRoot STAR to combinesingletableaccessplans
with two-way join plansto createthe three-way joins, and
soon,until planswhich join all thecollectionsof thequery
havebeencreated.Theenumeratorconsidersall bushyjoin
orders.SinceGarlic is adistributedsystem,bushyplansare
particularlyefficient in many situations.

Garlic’soptimizeremploysdynamicprogrammingin or-
der to find the bestplanwith reasonableeffort [S� 79]. In
every stepof plan enumeration,Garlic’s optimizerapplies
pruning;thatis, theoptimizerdoesnotuseplanAasabuild-
ing block for other, more complex plans if A hashigher
cost than anotherplan and A’s propertiesare a subsetof
thatplan’s. Only planswhosepropertiesareincludedin a
cheaperplan’sarepruned;for example,if Plan1 hashigher
cost than Plan2, but the Source of Plan 1 is Garlic (i.e.,
Source property is “Garlic”) and the Source of Plan 2 is
somedatasource,thenPlan1 maynotbeprunedbecauseit
might bea building block for a winning planthatexecutes
mostoperatorsof thequeryin Garlic’squeryengine.

In the third phase, the enumeratorapplies Garlic’s
FinishRoot STAR to getafinal queryplanthatincludes
all projections,selectionsand orderingsspecifiedin the
queryandnot so far achieved. Whenthis rule completes,
all remainingplanswill have the sameproperties,andthe
leastcostplanis chosenfor execution.

3.4 CostingPlans

In Garlic, the cost of a plan is the sum of local process-
ing costs,communicationscosts,and the coststo initiate
subqueriesandmethods.Thecommunicationcostsandthe
coststo initiate subqueriesand methodsareestimatedby

Garlic functionsusingconstantsstoredin Garlic’s catalog.
Thelocalprocessingcostsof theoperatorsof Garlic’squery
engineareestimatedby a costmodelprovided by Garlic.
This modelincludesCPUandI/O costs,andmodelsfairly
closelytheactionsof theGarlicexecutionengine.Thelocal
processingcostsof wrappersandtheir datasources,how-
ever, must be estimatedby cost modelsthat are defined
for eachwrapperindividually becausethereis no univer-
sal, genericcost model that is valid for all wrappersand
all datasources.We areworking on a framework to help
wrapperwriters createthesemodels. Today, they mustbe
hand-writtenandhand-calibrated.

An importantparameterof any kind of costmodelis the
Cardinality of input andoutputcollections.As with other
properties,Cardinality is computedafterevery application
of aSTAR. Cardinalitydependsonlogicaloperationsof the
query, sowrapperwritersneednotimplementfunctionsthat
computethisproperty. However, they mustprovidewaysto
gatherstatisticson thecardinalityof thestoredcollections,
andonvaluesof theirattributes.

3.5 Mor eComplexGarlic STARs

We now describe the Garlic join STARs. Garlic’s
JoinRoot STAR, which is appliedin the secondphase
of planenumeration,is definedin Figure5. It specifiesthat
joinscanbeevaluatedin Garlic in oneof threeways:(1) by
pushingthejoin down to adatasource,(2) via anested-loop
join in Garlic, or (3) by meansof a bind join (definedbe-
low). For eachof thesethreejoin methods,Garlic defines
a separateSTAR which is called by Garlic’s JoinRoot
STAR in orderto producethecorrespondingjoin plan.

The simplestof the actual join STARs is RepoJoin
(Figure 6). This STAR producesplansin which the join
is done by a data sourceif that source’s wrapperhas a
plan join STAR andif both the outerandinner of the
join areavailableatthedatasource.LiketheRepoAccess
STAR, Garlic’sRepoJoin STAR createsa genericPush-
DownPOPto trackthepropertiesof thewrapperplan.

Garlic’s NestedLoopJoin STAR is shown in Fig-
ure 7. Using a plan for the outer ( W � ) anda plan for the
inner( WYX ) asbuilding blocks,it constructsa new planwith
a NLJ POPat the root anda ScanPOPto iteratively read
the inner, which is materializedvia a TempPOP. Thethird
parameterof NLJ is thesetof join predicates.For theNLJ
POPto function,all theattributesneededto evaluatethose
predicatesmusthavebeenretrieved.To ensurethis,weuse
a variantof theFetchCols STAR definedin Section3.2,



JoinRoot �32 � ,J2G'(,JIK�Z��� � RepoJoin �32 � ,H2G'T,JIK�
JoinRoot �32 � ,J2G'(,JIK�Z��� � NestedLoopJoin �32 � ,H2G'T,JIK�
JoinRoot �32 � ,J2 ' ,JIK�Z��� � BindJoin �32 � ,H2 ' ,JIK�
Conditions:none
Functions: none

Figure5: Garlic’sJoinRoot STARs

RepoJoin �32 � ,H2G'T,JIK���7� �
��CD"[MON0P(Q \0]0^/Q!�32 � ,J2 ' ,JIK��� PushDown �1C!�

C.: 2 � .Source= 2 ' .Source; 2 � .Source 9� ’Garlic’;
plan join( 2 � ,2 ' ,P)definedby thewrapperof 2 � .Source

F.: none

Figure6: Garlic’sRepoJoin STAR

NestedLoopJoin �32 � ,H2 ' ,JIK���7� �
NLJ � FetchCols �32 � , NeedAttr�32 � ,HIK�H�-,

Scan� Temp� FetchCols �32G'(, NeedAttr�32G'(,JIK�H�H�H�-,
IK�

C.: none
F.: NeedAttr� Plan, Preds� computestheattributesof collections

of Plan thatareneededto computethepredicatesin Preds.

Figure7: Garlic’sNestedLoopJoin STAR

BindJoin �32 � ,H2G'(,JIK���7� �?�0CD"[M<N0P(Q _V^/Q�`a�32G'(,HIK�A�
Bind � FetchCols �32 � , NeedAttr�32 � ,-IK�H�-, PushDown �1CG�H�

C.: 2 ' .Source 9� ’Garlic’
plan bind( 2 , P)definedby thewrapperof 2 ' .Source

F.: NeedAttrasin Figure7.

Figure8: Garlic’sBindJoin STAR
2 � , 2 ' plansfor outerandinner; I potentialjoin predicates

which returnsthePlan without an attachedFetch POPif
nocolumnsaremissing.Theability to invokeotherSTARs
to enforcecertainpropertiesis powerful; it allowsGarlic to
detectdiscrepanciesbetweenwhataplanprovidesandwhat
is needed,and to compensate.Thus, Garlic can provide
powerful queriesagainstevenvery limited datasources.

The third Garlic join rule, the one for bind joins, is
shown in Figure 8. A bind join is a nestedloop join in
which Garlic passesintermediateresults(e.g., valuesfor
the join predicate)from the outer objectsto the wrapper
for theinner, whichusestheseresultsto filter thedatait re-
turns. If the intermediateresultsaresmallandindexesare
availableat datasources,bindingscansignificantlyreduce
the amountof work doneby a datasource. Furthermore,
bindingscanreducecommunicationcost in the sameway
thata semi-joindoesin distributeddatabases.On theother
hand,bindingsresult in poor plansif intermediateresults
are large: high processingcostsat Garlic’s queryengine,
thewrapperandthedatasource,plushigh communication

coststo shipintermediateresults.Therefore,bindingplans
shouldbeenumeratedandcostsevaluatedin additionto the
othertwo alternatives. TheBindJoin STAR checksthat
the wrapperfor the datasourcewhich producesthe inner
planacceptsbindings(providesaplan bind STAR), and
if so, asksthe wrapperto re-planthe inner with the addi-
tional bindpredicates.For eachresultingwrapperplan,the
BindJoin STAR producesa new PushDownPOPasthe
inner. Using our variantof FetchCols, BindJoin en-
suresthatall theattributevaluesneededfrom theouterfor
the join predicatesareretrieved,so that theBind POPcan
passthemto theinner.

3.6 Discussion

We have implementedthe STAR framework, and STARs
andcostmodelsfor wrappersof several datasources,in-
cluding DB2, Oracle, ObjectStore,an image processing
systemcalledQBIC [N � 93], two Lotus Notesdatabases,
and two Web sources. Our implementationextendsthe
DB2 CSV2 optimizerwith theSTARsandPOPsdescribed
above. Duringplanenumeration,theRepoAccess STAR
is invoked oncefor eachcollection in the query, and in-
vokestheappropriatewrapper’splan access STAR. All
of Garlic’s join STARs are applied in every step of the
secondphaseof plan enumerationto ensurethat all pos-
sibilities are considered.However, the conditionson the
RepoJoin andBindJoin rulesensurethatthey will re-
turnplansonly whensuchplansarepossible.

In the currentsystem,all STARs andPOPsare imple-
mentedin C++. An alternative would be to implement
STARsasdeclarative rulesandinterprettheSTARsaspro-
posedin [LFL88]. Thismight simplify theimplementation
of STARs, especiallyfor wrapperwriters; hard-codingall
STARs in C++, however, providessignificantlybetterper-
formanceduringplanenumeration.

Our approachto optimization has several key advan-
tages.It is a simpleextensionof traditionaloptimizertech-
nology, allowing usto bothenumerateafull setof plansand
to take advantageof any andall advancesin optimization
andexecutionstrategies. Sincewe enumerateall possible
plans,weareguaranteedto find theoptimalplanasdefined
by ourcostmodel;aswith all optimizers,however, thismay
not betheactualbestexecutionplanif thecostmodelused
by theoptimizeris notsufficiently accurate.Theextensions
we make areisolatedandfew in number, consistingof one
genericPushDownPOPanda few genericSTARs.

As a further consequenceof this design,our systemis
extremelyflexible. Wrappersfor new datasourcescanbe
addedat any time without consideringthe capabilitiesof
otherwrappers,andwithout changingthe optimizercode.
BecauseGarlic doesnot have to understandthe wrapper
plans,relying only on a fixed setof propertiesto describe
them,a wide rangeof datasourcescanbewrapped.These
sourcesmaydiffer in datamodelandvary widely in query



processingabilities, yet no specialpropertieshave been
addedb to dealwith heterogeneity.

Finally, STARsareapowerful constructfor adistributed
system.In additionto standardrelationalfunction,Garlic’s
STARs can handleapproximatesearch,replicatedcollec-
tions,andgateways[K � 96]. An exampleinvolvingapprox-
imatesearchis givenin Section4.

4 Modeling Wrapper Query Capabilities
UsingSTARs

In addition to makingoptimizationsimple for Garlic, the
STAR framework makesit easyto describewrapperquery
capabilities,andallowswrappersto startsimply, andevolve
overtime. While GarlicSTARsmaybecomplicated,duein
part to their useof otherSTARs to enforceneededproper-
ties, wrapperSTARs tend to be simple. Indeed,we have
foundno needfor wrapperSTARs to invoke otherSTARs,
or evento build multiplewrapperPOPs.In thissection,we
demonstratethepower andsimplicity of theSTAR frame-
work for heterogeneoussystems,by meansof an example
involving threeverydifferentdatasources.In thenext sec-
tion, we extendour exampleto show how theGarlic opti-
mizerwouldoptimizeaqueryinvolving thesethreesources.

Considera university with a relational databasestor-
ing basic information on eachcourseoffered, coursede-
scriptionsin a specialtext store,andan on-line complaint
mechanismthatsendsmail to anombudsman.Thesethree
sources(relational,text, andmail) areintegratedusingGar-
lic. In the following, we provide relevant detailsof these
wrappersanddefineSTARs for them.

Themail wrapperexportsaComplaintscollectionof ob-
jectsof type Message. Messageseachhave Sender, Date,
BodyandSubjectattributes.Thewrapperprovidesonly the
ability to iteratethrougha collection,retrieving the OIDs.
To modelthis ability, it definesthesimpleplan access
STAR shown in Figure 9. Like every plan access
STAR, this STAR takes as parametersthe identifier of a
collection ( W ), a set of attributes( c ), anda setof predi-
cates( d ) that areusedin the query. Regardlessof c and
d , this STAR alwaysreturnsoneplanconsistingof a sin-
gle QuantifierPOP. The QuantifierPOPmodelsthe exe-
cutionof thequery“selectOID from T” in thedatasource
thatstoresW . Thevaluesof theproperties(exceptcostand
cardinality) of the QuantifierPOParedefinedin Table1;
theRepoAccess STAR would get thesevaluesfrom the
wrapperplan to createits PushDownPOP. Query plans
generatedusing this STAR are executedas follows: the
OIDs of all messagesof a collectionarepassedfrom the
wrapperto Garlic’s executionengine,which usesmethod
callsto thewrapperto gettheattributesof themessages.

ThesimpleSTAR of Figure9 could be usedasa start-
ing point for wrappersof many differentsources.(There
is nothingMail-specificaboutit.) This STAR guarantees
that any querythat accessesdatafrom oneof a wrapper’s

plan access �324,-56,JIK�Y� Quantifier �32%, ds�326�H�
C.: none
F.: ds( 2 ) returnsthe id of thedatasourcethatstores2 .

Figure9: Mail WrapperSTAR

plan access �32%,e56,JIK�Z� R Scan�324,-56,JIf, ds�326�H�
C.: none
F.: ds�326� returnstheid of therel. datasourcethatstores2 .

plan bind �324,-56,JIf,3Chgji<kZ�Y�
R Scan�324,-56,JIBlKCagmiOkY) IonT /pOq�,sr�t0�326�H�

C.: none
F.: dsasdefinedabove.

plan join �32 � ,H2 ' ,-IK�Y� R Join �32 � ,*2 ' ,JIK�
C.: 2 � .Source= 2G' .Source
F.: none

Figure10: RelationalWrapperSTARs

sourcescan be processed,but it doesnot model a wrap-
per’squeryprocessingcapability, andtherefore,plansgen-
eratedby thisSTAR oftenshow poorperformance.Initially
awrapperwriter mightdefineonly thisSTAR to integratea
sourcequickly; later(s)hecouldaddmorepowerful STARs
to improve performance.For example,we could initially
usethisSTAR to integratetherelationaldatabase,andthen,
oncewe hadmadetherelationaldataaccessible,replaceit
with the STARs of Figure10 to exploit the relationalen-
gine’squeryprocessingpower, improving performance.

The relational wrapper exports a Classescollection.
Classobjectshave attributesCourse, Professor, etc. The
relationaldatasourcesupportsthe usualrelationalopera-
tions,andthewrapperprovidesSTARsfor access,bindand
join. TheseSTARsareshown in Figure10. They construct
a set of POPswhich model the relationalsource’s opera-
tions.Theirpropertiesaregivenin Table1. plan access
generatesanR ScanPOPwhich modelstheexecutionof a
single-tablequery, aggressively applyingall predicatesand
retrieving all necessarycolumns.plan bind alsobuilds
anR ScanPOP, addingthebindingpredicatesto theset.Fi-
nally, plan join constructsanR Join POP, which mod-
els the relationalsource’s ability to join two tables,again
applyingall predicatesandfetchingall columns.

The text wrapperexports a single collection, Descrs,
which contains objects of type Blurb, with attributes
Name and Description. The text data sourcesupports
single-collectionquerieswith methodsof the form con-
tains(string)or is about(string)modelingits searchcapa-
bilities. containsreturnsa booleanvalue, dependingon
whetherthe documentit is appliedto containsthe words
in thestring. is about(string)returnsa rankbetween0 and



Table( u ) Column( v ) Preds(C ) Order ( w ) Mat ( x ) Source( q )
Quantifier(2 , y ) 2 oid : NIL FALSE y

T Rank(2 , 5 ,  , I , y ) 2 5#l score(  ) I score(  ) FALSE y
T Scan(2 , 5 , I , y ) 2 5 I NIL FALSE y
R Scan(2 , 5 , I , y ) 2 5 I NIL FALSE y
R Join(2 � , 2G' , I ) 2 � ) uGl[2G'() u 2 � ) vzl[2G'() v 2 � ) C{l|2G'T) C{l=I NIL FALSE 2 � ) q

Table1: Properties(exceptcostandcardinality)of POPsusedin WrapperSTARs
2 acollection; y anid of adatasource; an is aboutpredicate;5 asetof attributes;I asetof preds;2 � ,H2 ' plans

plan access �324,-56,JIK�Y� T Scan�324,-56,JIZ}-, ds�326�H�
C.: I }�~ I areall predicatesof theform

contains(string)or Name= string.
F.: ds( 2 ) returnsthe id of thetext datasourcethatstores2 .

plan access �324,-56,JIK�Y�
�! #"�5�� T Rank �324,-56,J 0,JI�}-, ds�326�H�

C.:  is an is aboutexpressionon 2 . IZ} ~ I asabove.
F.: dsasabove.

Figure11: Text WrapperSTARs
1 indicatinghow closelythedocumentmatchesthetermsin
the argumentstring. STARs definingthis wrapper’s plans
arefoundin Figure11. ThePOPsfor theseSTARsarealso
describedin Table1. Note that this wrapperprovidestwo
plan access rules: one,which producesa T ScanPOP,
simply scansthe documents,returningwhatever attributes
areasked for, andapplyingany “contains”or otherString
predicates,andtheother, which producestheT RankPOP,
returnsthe resultsin orderof rankcomputedasa resultof
an is aboutmethodin theorderbyclause.

¿Fromthesethree examples,we can seethat the ba-
sic querypower of wrappersanddatasourceswith vastly
different queryingabilities can be modeledeasily with a
handfulof simple,single-POPSTARs. Therearetwo rea-
sonswhy wrapperSTARs canbe so simple. First, Garlic
providesa powerful queryenginewhich canmake up for
missingqueryfunction in the wrappers.Second,wrapper
STARs model “what” can be executedby a wrapper, not
“how”. For example,therelationalwrapperexportedasim-
pleplan join STAR to modelthatjoinscanbeexecuted
by its datasources;it did not needto enumeratealterna-
tive planswith different join methodsbecauseplanswith
anR JoinPOParetranslatedintoamulti-table(SQL)query,
andtheoptimizerof therelationaldatasourceautomatically
determinesthemostefficient join methods.Precisemodel-
ing of join methodsmaybe requiredin thewrapper’s cost
modelin orderto estimatethecostof join processingin the
datasource,but it is not requiredin thewrapper’sSTARs.

Theseexamplesalso demonstratethree further advan-
tagesof our approach.First, we defineda simpleminimal
STAR thatmightbethefirst STAR awrapperwouldexport.
This makesit easyto get a wrapperup andrunning. Sec-
ond,wrapperwriterscanaddSTARs or alternativesfor an
existing STAR at any time, to exposemorewrapperquery

functionality to Garlic. This makesit easyto modify and
evolve wrappers. Third, eachwrapper’s STARs werede-
fined independentlyof the others’, and without affecting
Garlic STARs or Garlic’s query services,making it easy
to addnew wrappersto the system.Modelingpower, low
“entry-cost”for writing wrappers,evolvability, andextensi-
bility arekey advantagesof ourapproach.

5 Optimizing a Query
To seehow thewhole framework works,we now describe
how a query againstthe sourcesof Section4 would be
processedby the Garlic optimizer using Garlic’s built-in
STARs (Section3) andthewrapperSTARs definedabove.
Supposethattheombudsmanhasjust receiveda complaint
aboutan Ancient Studiescourse. Sheremembersreceiv-
ing a numberof complaintsaboutcoursesconcerningthe
ancientworld recently, andwantsto seewhat faculty are
involved.Sheposesthefollowing query:

SELECT C.Course,C.Prof
FROM ClassesC, DescrsD, ComplaintsP
WHERE D.Name= C.CourseAND

C.Course= P.Subject
ORDERBY D.is about(“ancientworld, Greece,Rome”)

In phaseone of optimization, Garlic’s AccessRoot
STAR is invoked once for eachcollection of the query.
In each case, it invokes the appropriate wrapper’s
plan access STAR, andthencreatesa PushDownPOP.
This resultsin four plans,shown in Figure 12, one from
eachof theMail andRelationalwrappers,andtwo from the
Text Wrapper. Theirpropertieswill bethoseof thewrapper
POPsin Table1.

In phasetwo, Garlic’s JoinRoot STAR is fired, first
to make all possibletwo-collectionjoins, andthento look
at all three-collectionplans. This entails four calls to
JoinRoot to join ClassesandDescrs (onewith eachof
the plansfor Descrs astheouter, andtwo with Classesas
the outer, using the different plans for Descrs as the in-
ners),four more for Descrs and Complaints, and two for
joining Classesand Complaints. Each time it is called,

P1: PushDown(R Scan(Classes,
 Course,Prof� , : , RDB))
P2: PushDown(Quantifier(Complaints,Mail))
P3: PushDown(T Scan(Descrs,
 Name,score� , : , Text))
P4: PushDown(T Rank(Descrs,
 Name,score� , : , Text))

Figure12: Plansfrom Phase1 of Optimization



P5: NLJ(P1,Scan(Temp(P3)),
 Course= Name� )
P6:� NLJ(P4,Scan(Temp(P1)),
 Course= Name� )
P7:NLJ(P3,Scan(Temp(Fetch(P2,Subject))),
 Subject=Name� )
P8:NLJ(P4,Scan(Temp(Fetch(P2,Subject))),
 Subject=Name� )
P9: Bind(Fetch(P2,Subject),P1 ��
 Course= Name� )

Figure13: Two-WayJoinPlansSurviving Pruning

P10:NLJ(P5,Scan(Temp(Fetch(P2,Subject))),

 Subject=Course� )

P11:NLJ(P4,Scan(Temp(P9)),
 Name= Course� )

Figure14: Three-WayJoinPlansSurviving Pruning

JoinRoot instantiatesall threeGarlic join rules.For this
query, RepoJoin never returnsany plans,asno two col-
lections are co-located. NestedLoopJoin always re-
turns a plan, as Garlic can always perform the join, so
ten nestedloop plansare returned. Sinceonly the rela-
tional wrapperdefinesa plan bind STAR, BindJoin
returnsaplanonly whenClassesis theinner. Thisoccursin
threeplans,soin total, thirteenjoin plansareconsideredin
this phase.However, only five planssurvive pruning(Fig-
ure 13). The othersareeliminatedbecausethey have the
samepropertiesasanotherplan,andcostat leastasmuch.

Note that eachplanof Figure13 builds on the plansof
Figure12. For example,planP5combinesplansP1andP3,
storingtheresultsof P3,andaddingthejoin operatorwith
a scanof the new collection. PlanP8 similarly builds on
plansP4andP2,but discoversthatit needsto addafetchof
subjectbeforemakingthetemporarycollection,in orderto
applythejoin predicateduringjoin processing.

PlansP7 andP8 demonstratethe benefitsof extending
well-known optimizertechnology. Both plansapplya join
predicatethatdid not appearin thequery, but couldbede-
ducedfrom it by taking the transitive closureof thepredi-
cates[G � 93]. Theseplansrequiredno new rules,nor did
thenew, genericGarlic rulesdisturbthem;theexisting op-
timizer computedtransitive closuresof predicates,andthe
Garlicoptimizertherefore(automatically)doesso.

In thenext stepof phasetwo, thesetwo-way join plans
will be combinedwith the single-tableaccessplansfrom
phaseone to generatethe three-way joins. In this phase,
fourteenplansare created,but only two survive pruning,
oneorderedby is about(P11)andonenot ordered(P10).
Thesetwo plans,shown in Figure14,aretheinput to phase
three. In this phase,the FinishRoot STAR is invoked
to completeboth plans. P11 is alreadycomplete,so it is
returnedasis, butFinishRoot addsaSortPOPto P10to
completeit. As bothplansnow have thesameproperties,a
winneris chosenon thebasisof cost.

6 RelatedWork

Despiteits importance,thereis little relatedwork on opti-
mizationanddecompositionof queriesacrossdatasources
with differentquerycapabilities.Somesystemsusequery

rewrite rulesto decomposea query, but havenocostmodel
to evaluatealternative plans(e.g.,[FRV95]). [CS93] uses
rewrite rulesto generatealternative versionsof a queryin-
volving foreign tablesand functions. Each version can
then be optimized,and the leastcost plan overall is cho-
sen. Most work on cost-basedqueryoptimizationin het-
erogeneoussystemsis limited to specificclassesof data
sources[DKS92, GST96]. Theworksmostcloselyrelated
to oursare[TRV96] (DISCO)and[PGH96]. Thesetwo ap-
proachesalsousegrammarsto describethecapabilitiesof
wrappers;however, the typesof grammarsusedandhow
they areusedaresignificantlydifferent.

DISCOaddressesproblemsbeyondthescopeof Garlic,
with an emphasison operatingwhen not all datasources
are available. DISCO usesa wrappergrammarto match
queries.TheDISCOoptimizerenumeratesqueryplansas
if wrapperscould handleany kind of query, thenusesthe
wrappergrammarto parseeachplanto determinewhether
it canbe handledby the wrapper. Thus,DISCO enumer-
atesall plans,includingmany invalid ones.TheGarlic op-
timizer, by contrast,constructsonly valid plans,and it is
quickerto constructaplanusingSTARsthantoparseaplan
usingagrammar.

[PGH96] proposesa set of algorithmsthat decompose
a querybasedon a novel relationalquerydescriptionlan-
guage thatdescribesthecapabilitiesof wrappers.Their al-
gorithmspushdown asmuchwork aspossibleto wrappers
to minimize the amountof processingin the middleware
system’s queryengine.However, this work givesno guid-
anceon how to executethe remainingquerypiecesin the
middleware,or how to choosebetweenalternativeplans.

Recently, other ways to describecapabilitiesof het-
erogeneouswrappersor datasourceshave beenproposed.
In [LRO96], capability recordsareusedto describewhich
bindingscanbepassedto asource.However, thecapability
record mechanismis not powerful enoughto describethe
capabilitiesof, say, Garlic’s relationalor imagewrappers.
In otherwork, viewsareusedto describewhichqueriescan
behandledby awrapper/datasource;e.g.,[Qia96, LRU96].
While flexible, decomposinga queryusingviews requires
solving the querysubsumptionproblem. Thus, theseap-
proachesaretypically limited to simpleconjunctivequeries
andcannoteasilybeextendedto handleordering,grouping,
or aggregatefunctions.

7 Conclusion

In this paper, we presentedthe designof a query opti-
mizer for heterogeneousmiddlewaresystemsdesignedto
integratedatasourceswith differentdatamodelsandquery
processingcapabilities. A query optimizer is a critical
componentof any suchmiddleware system,becausedif-
ferencesin costbetweenalternative plansfor executinga
querycaneasilybeseveralordersof magnitude,andthere
aregenerallymany possibleplans. Our optimizeris based



on dynamicprogrammingand Lohman’s STrategy Alter-
native� Rules,or STARs. We have extendedLohman’s ap-
proachto encompassgenericandwrapperSTARs,andim-
plementedthis in the Garlic middleware system. Garlic
usesSTARsto constructits queryexecutionplans,in which
a genericPushDownPOPrepresentswork doneby a data
source.Garlic’sgenericSTARsconstructPushDownPOPs
andinvokewrapper-providedSTARsto constructthewrap-
per portion of the plan. We illustratedour approachwith
both Garlic andwrapperSTARs, anddescribedhow they
wouldbeusedto optimizeaquery. In asmallsetof experi-
ments[K � 96], wehavefurthershowntheimportanceof op-
timizationin thisenvironment,andhow alternativewrapper
STARs impactqueryprocessingin Garlic.

The advantagesof our approachlie in its extensibility
andevolvability, theexpressivenessof thepowerful STAR
syntax,thesimplicity of wrapperSTARs, andthe fact that
it canbe implementedasanextensionof anexisting opti-
mizer, leadingto highqualityplans.Theapproachis exten-
sible,asnew wrappersandtheir STARs canbe integrated
without affectingotherwrappersor Garlic’s queryengine.
TheSTAR syntaxis powerful,asit enableswrapperwriters
topreciselymodelthecapabilitiesof wrappersevenfor very
unusualdatasources.It is typically easyto defineSTARs
becauseSTARs simply model“what” kind of queriescan
be handledby a wrapperratherthan specifyingprecisely
“how” thesequeriesareexecutedby thedatasources.The
approachis efficient, as it employs well-known optimiza-
tion techniquessuchasdynamicprogrammingwith pruning
to find goodplanswith reasonableeffort.

In thefuture,wewantto continueto integrateandexper-
imentwith new kindsof datasourcesin orderto getmore
generalinsightinto thedesigntradeoffs for wrapperSTARs.
We areconsideringwrappersfor a digital library product,
and for OLE automationservers. We arealsoexamining
whetherwe candevelop costmodelsfor broadclassesof
datasources,so that modelingthe cost of wrapperplans
canbesimplifiedfor thewrapperwriter.
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