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Abstract

Businessewdayneedto interrelatedatastoredin diversesystems
with differing capabilities,ideally via a single high-level query
interface We presentthe designof a query optimizerfor Gar-
lic [C*95], amiddlevare systendesignedo integratedatafroma
broadrange of datasourceswith verydifferentquerycapabilities.
Garlic’s optimizerextendsthe rule-basedapproach of [Loh88] to
workin a hetepgeneougrvironmentbydefininggenericrulesfor
the middlevare and usingwrapperprovidedrulesto encapsulate
the capabilitiesof ead data souce This apptoadc offers great
advantgesin termsof plan quality, extensibilityto new sources,
incrementaimplementatiomf rulesfor nen sources,andtheabil-
ity to expressthe capabilitiesof a diverse setof souces. e de-
scribethe designand implementatiorof this optimizey andillus-
trateits actionsthroughan example

1 Intr oduction

Businessetdayrely ondatastoredn diversesystemswith
differing capabilities.Somedataarein traditionaldatabase
systemswith a powerful query languageand efficient in-
dicesfor parametricdata. Othersarein spreadsheetand
file systemswith limited querycapabilitiespr in legagy ap-
plicationsystemswhich provide specializedvaysto access
and manipulatedata. The emegenceof protocolssuchas
COREBA, OLE DB andJava/JDBCmakesit easietto access
this rangeof sourceswhile databaseniddlevare systems
or mediators]Wie93 offer the possibility of interrelating
their datavia a single high-level queryinterface. The first
generatiorof commercialmiddlevare systemshasgained
rapid acceptancén the marketplace.However, theseprod-
uctstypically connecbnly alimited setof datasourcespre-
dominantlyrelational,andgenerallymodelall datasources
asrelationalsystems.This simplifiesthe middlewvarecon-
siderably asit canassumethat all the datasourceshave
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similar capabilities. The price of this simplificationis that
ary specializedsearchor datamanipulationcapabilitiesof
the underlyingsystemscannotbe exploited whenthey are
accessedhroughthe middlewvare. Thusthis first genera-
tion of middlewareis notextensibleto thearbitrarysystems
which mayexistin agivenbusiness.

Several projects are addressingthe problem of mid-
dleware for increasinglydiverse systems[Day83 S 94,
PGMW95 TRV96, LRO9¢G. Marny of the datasources
thesesystemsintegrate have limited or specializedquery
processingcapabilities. Queriesin this ervironmentvary
widely in performancealependingon how andwheretheir
operationsare executed.Onekey challengefor thesesys-
temsis thusto develop a general-purposgquery optimizer
which canuseinformationaboutthe capabilitiesof a new
datasourceto producecorrectplansthatefficiently answer
gueriegangingoverdatain multiple sourceswith differing
guerycapabilities.This papertakesup thatchallenge.

In this paperwe presenthe designof a cost-baseap-
timizer for heterogeneoumiddlevare systems. We have
implementedbur approachin Garlic[C*95], amiddlevare
systemdesignedto integrate datafrom a broadrange of
datasourceswith very different query capabilities. Our
approactextendsLohmans [Loh88 grammatlikerulesto
work in a heterogeneousrvironment. Data sourcesare
connectedo the middlevare enginevia wrappes. The
optimizeris given a setof rulesthat capturethe engines
gueryexecutionstratgies. Amongtheseareseveralgeneric
rules,which producesource-specifiplansusingmatching
wrapperprovidedrulesthat encapsulat¢éhe capabilitiesof
a particulardatasource.A normaldynamic-programming
enumeratofiresrulesto generatall possiblealternatve ex-
ecutionplansfor aquery

We have pursuedand implementedour approachbe-
causet hasseveralcrucialadvantagesFirst, sinceour op-
timizer is an extensionof a standardoptimizerwe get all
the benefitsof advancesin optimizertechnology as well
asthe benefitsof consideringhe entiresearchspacelead-
ing to high quality, efficient plans. We believe oursis the
first solution basedon traditional dynamic-programming
techniques.Second the systemis extensible. Regardless
of their datamodelandqueryprocessingapabilities new
wrapperganbeintegratedwithoutaffectingotherwrappers
or the middleware. Third, wrapperscanevolve gracefully
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At ary time, it is possibleto refineor addwrapperrulesto
improvetheperformancef queriesoverthewrappersdata
sources.Finally, this approachs extremelyflexible, mak-
ing it possibleto integratewrapperof strangedatasources
with unusualqueryprocessingapabilities.

Theremaindenf this paperis structuredasfollows: Sec-
tion 2 describeshe Garlic architecture Section3 presents
the Garlic queryoptimizerandits built-in rules. Section4
shavs how easyit is to modelthequerybehaior of diverse
sources. Section5 shawvs by examplehow the Garlic op-
timizer usesGarlic andwrapperrulesto optimizea query
acrossvery differentsources. Section6 discusseselated
work, andSection7 concludeghe paper

2 The Garlic System

Figure 1 shavs the architectureof Garlic [CT95]. Thear
chitectureis typical of mary heterogeneoudatabasesys-
tems, e.g., [Day83 PGMW95, TRV96]. At the bottom
aredatasourceswhich store,accessand manipulatedata.
Above every datasourceis awrapper A wrapperhidesthe
detailsof the datasources interfaceand enablesaccesgo
thedatasourceusingGarlic’sinternalprotocols.Thewrap-
per describeghe datastoredin the sourceusing Garlic's
datamodel,anobject-orientednodelbasedon the ODMG
standardCat96 C*t95]. Datain the sourceareviewed as
objects,and Garlic refersto theseobjectsusingan OID it
manufictureshasedon the source the object’s type, anda
uniquekey determinedby the wrapper This OID allows
Garlic to apply methodson objects;from the OID, Garlic
candetermingheappropriatevrapperandthewrappercan
locatethe necessarglataandapply the method. Wrappers
provide methoddo getthevalueof eachattribute of anob-
ject, andto encapsulatany specializedsearchcapabilities
of thesource (Thesanethodsaretypically implementeds
commands$n thenative languager programmingnterface
of theunderlyingsource.)Thewrapperalsodefinesobject
collectionswhich arethetargetsof queriesin Garlic.

The wrapperfurther providesa descriptionof its query
processingcapabilitiesin the form of a setof rules (en-
capsulate@dsplanningmethod§RS97). Differentsources
may vary greatlyin their queryprocessingapabilitiesand
thuswill providedifferentrules.A wrapperoesnothaveto
reflectthefull queryfunctionalityof its datasourcesHow-
ever, in orderfor thedatain thatdatasourceio beaccessible
throughqueries someminimumfunctionalitymustbe pro-

vided,i.e., atleastoneaccessule. We will discussnrapper
rulesin Sectiord.

A systemcatalogrecordsthe global schema. Whena
new datasourceis addedto a Garlic systemi,it is associ-
atedwith a wrapper This associationaswell asthe data
sources local schemaand ary available statisticsfor its
data, is recordedin the catalogas part of the registration
procesdor a datasource.The catalogalso containsinfor-
mationsuchasview definitionsandinformationaboutthe
systemconfiguratiomeededsinputto thecostmodeldur-
ing queryoptimization.

At the heartof Garlic areits queryserviceswhich play
the samerole as a mediatorin the architectureof other
systemg[Wie93. Garlic’'s query serviceshave two ma-
jor components:a query languageprocessqgrand a dis-
tributed query executionengine. The querylanguagepro-
cessotakesa queryasinput andobtainsan executionplan
for the query through parsing, semanticchecking, query
rewrite, and query optimization (asin Starturst [H*89)).
Thejob of the optimizeris to constructandselectan“opti-
mal” planfor a givenquery basedon a costmodel. Tradi-
tional queryoptimizersbuild plansbasedn detailed built-
in knowledgeof thefull setof executionstratgjiesavailable
andtheir costs. This is true even in distributed systems;
theoptimizermustknow the capabilitiesandcostsfor each
remotedatasourceto decidewhich operationgo execute
at a sourceand which at the query site [FIK9qg. Garlic,
however, mustbe ableto find good planswithout built-in
knowledgeof datasources’capabilitiesand costs;how it
accomplishethisis thesubjectof this paper

Oncethe plan hasbeendeterminedy the optimizer, its
executionis coordinatedby Garlic’s query executionen-
gine, which passesubqueriedo the wrappersandassem-
blesthe final queryresult. Garlic’'s executionengineis a
powerful systemableto performjoins, applypredicatesin-
voke methodssort,aggreyate, andsoon. This allows Gar
lic to compensatdor functionality not presentin the data
sourcesor not reflectedby their wrappers,andto execute
itself thoseoperationst cando moreefficiently.

3 Query Optimization in Garlic

To optimizea query Garlic usesa setof STategy Alterna-
tive Rules or STARs[Loh88], which constructplansthat
canbehandledby Garlic’s queryengine.Garlic'senumera-
tor firesappropriateSTARS, following a dynamicprogram-
ming model,to build plansfor the querybottom-up.Garlic
differs from [Loh88] in that someof Garlic’'s STARs are
generic TheseSTARs arefired during enumeratiorwhen
a pieceof work is found that can or must be doneby a
wrapper GenericSTARs consultthe appropriatenrapper
to build their pieceof the plan. From the resultingset of
completeplansfor the query the optimizerselectghe win-
ning plan basedon cost. This planwill thenbe translated
into anexecutablgor interpretableformat.



| Property | Description |

Tables | setof tablesthathave beenaccessedndjoined
Columns | setof columnsof the outputof the plan
Preds | setof predicateshathave beenappliedin the plan
s wheretheoutputis producedi.e.,theid
ouce . . .
of adatasourceor Garlic’s executionengine
Mat TRUE if the outputof theplanis materialized;
FALSE otherwise
asortexpr. if thetuplesof the outputareordered;
Order .
NIL otherwise
Cost estimatectostof theplan
Card estimatechumberof tuplesof the outputof the plan

Figure2: Garlic PlanProperties
3.1 Plansin Garlic

Plansin Garlic aretreesof operatorspr POPs(PlanOPera-
tors). EachPOPworksononeor moreinputs,andproduces
someoutput(usuallyastreanof tuples).Theinputto aPOP
may includeoneor morestreamsf tuples.In aplan,these
areproducedby otherPOPs. Garlic’'s POPsinclude oper
atorsfor join, sort,filter (to apply predicates)fetch (to re-
trieve datafrom a datasource) temp(to make atemporary
collection)andscan(to retrieve locally storeddata). Gar
lic alsoprovidesa genericPOR called PushDown which
encapsulatesork to bedoneat a datasource.

Plansarecharacterizetdy a setof planproperties Prop-
ertiesarea commonway to track the work thatis donein
aplan[GD87, Loh88 M+96)]. It is particularlyimportant
to characterizeplanswith a fixed setof propertiesn Gar
lic, becausédsarlic plansare(in part) composedf generic
PushDownPOPs. The actualwork being done by these
POPsdependn the wrapperwherethe work takesplace
andthequery andis notunderstoody Garlic or ary other
wrappelin thesystem However, thepropertiegprovide suf-
ficient information aboutwhat is doneto allow Garlic to
properlyincorporatehe PushDowrPOPIn aplan.

We characteriz@lansandtheir outputby theeightprop-
ertiesdescribedn Table2. The propertiesof onePOPare
typically a function of the propertiesof its input POP(s) if
ary. Propertiesarecomputedasthe POPsare created by
STARs. The propertiesassignedo a plan arethe proper
ties of the topmostPOPof the plan. Most of theseproper
tiesareequivalentto thoseusedby optimizersof traditional
databassystemsAn exceptionis the Souceproperty It is
usedto recordwherethe outputstreamcomesfrom (Garlic
or a particulardatasource)the Souce propertyis compa-
rableto the Sitepropertyusedby R* [Loh88§].

For example, Figure 3 shawvs one possibleplan for ex-
ecutingthe query“selectm.Bodyfrom Inbox m, Classes
wherem.Subject= c.Courseandc.Prof="Aho’ ", assum-
ing Inboxis definedby a simplemail wrapperthatonly an-
swersqueriesof the form “select OID from Inbox”, and
that Classescomesfrom a DB2 database.The leaves of
the planareboth PushDowrPOPs put with quite different
properties.A Fetch POPretrievesfrom Mail the attributes

Project

Tables: {Inboxm, Classes}
Columns:{m.Body}

Preds: {c.Prof="Aho’, m.Subject=c.Courge
Source: {Garlic}
Mat: false
Order: NIL
|
Join
Tables: {Inboxm, Classes}

Columns:{m.OID,m.Subject,m.Body.OID,c.Coursg

Preds: {c.Prof="Aho’, m.Subject=c.Courge
Source: {Garlic}

Mat: false

Order: NIL

Fetch(m,{SubjectBody})

Tables: {Inboxm}
Columns:{m.OID,m.Subject,m.Body
Preds: {}
Source: {Garlic}
Mat: false
Order: NIL

|
PushDown(Mail) PushDown(DB2)
Tables: {Inboxm} Tables: {Classes}
Columns:{m.OID} Columns:{c.OID,c.Coursg
Preds: {} Preds: {c.Prof="Aho’}
Source: {Mail} Source: {DB2}
Mat: false Mat: false
Order: NIL Order: NIL

Figure3: OnePossibleQueryPlanfor:
SELECT m Body FROM I nbox m Cl asses ¢
WHERE m Subj ect =c. Cour se AND c. Pr of =" Aho’
SubjectandBodyfor eachOID returnedby thefirst Push-
DownPOP compensatinfpr theinability of Mail to return
thesevaluesdirectly!. Hence,Fetdv's propertiesinclude
thesetwo additionalcolumns. Note that it has Souce =
‘Garlic’, reflectingthefactthatit will be executedby Gar
lic. TheJoin POPS propertiesreflectthe two tablesof its
inputstreamstheunionof thecolumnsfrom thosestreams,
andthe predicateappliedby its (second)input, aswell as
thejoin predicate.Thefinal Project POPensureshatonly
the Bodycolumnis returnedasspecifiedn thequery
Oncetheoptimizerchoosegwinning planfor thequery
theplanis translatednto an executabldorm. Garlic POPs
aretranslatednto operatorghatcanbedirectly executechy
the Garlic executionengine. Typically eachGarlic POPis
translatednto a single executableoperator A PushDown
POPis usuallytranslatednto a queryor setof API callsto

1Thisis possiblebecausél) theassignmentandretrieval duringquery
processingpf Garlic OIDs allows Garlic to go backto the datasourceto
retrieve missinginformationand(2) wrappersmustprovide “get” methods
for ary attributethey define.



the wrappers underlyingdatasource. Wrappersare, how-
ever, freeto translatehe PushDowrPOPsn whateserway
is appropriatdor their system.

3.2 Using STARs to ProducePlans

Garlic's STARs arecloselybasedon the work of [Loh88];

in fact, we have implementedthe Garlic optimizeras an
extensionof the DB2 CS [G193] versionof STARs. We
begin this sectionwith areview of thiswork, andthenfocus
on how we have extendedSTARs to meetGarlic’'s needs.

STARscanbeseemastheproductionrulesof agrammar
thatgenerateplans.We call thetopmoston-terminabym-
bols of thegrammaroots A STAR determinesiow POPs
canbecombinedn aplan. A simpleSTAR maybuild only
a single POR by invoking its constructor The constructor
allocatesspacefor the POR initializes variousfields, and
callsthe propertyfunctionto computethe propertiesof the
new POP(including Cardinality andCos).

Of course,few STARs arethatsimple. Most includea
conditionfunction; if the conditionis true,thenthe STAR
builds its plan, otherwise,no planis built. Also, a single
STAR may constructmultiple POPs,and multiple plans.
Multiple POPsare built by calling the POPs’constructors
in sequenceMultiple plansresultwhentheSTAR is instan-
tiatedwith a setparameterandcreatesa planfor eachele-
mentof theset—inthis casethe condition(if ary) is evalu-
atedfor every elemenbf thesetseparatelyFinally, STARs
canalsoinvoke otherSTARs. Thus,STARs arerulesof the
following form (wheref; isthenameof aSTAR or aPOP):

STAR(param$ ::= Ve € set: fi(f2(...), fa(...), otheramgs)
[if condition(ags)] (1)

Note thatwhena STAR is instantiatedall propertiesof
all the resultingplansare computedautomatically asthe
variousPOPconstructorsarecalled.

For example thefollowing STAR canbeusedto retrieve
columnsthat are neededby someother STAR, but which
have notyet beenretrievedfrom therelevantwrapper

Fet chCol s(T,C,Plan) ::= Fetch(T, C', Plan)

if C'#@, C' =C — PlanColumns 2)

This STAR constructsa Fetch POR if thereare columns
neededhatarenot alreadypresentn the propertiesof the
input plan. It builds at mostone plan, dependingon the
valueof the conditionfunction. In the following example,
multiple plansmaybereturneddependingnthecardinal-
ity of thesetof inputplans),andmultiple POPsareuncon-
ditionally constructed.

Dantt r eam({Plan}) ::= Vp € {Plar} : ScanTemp(p)) (3)

Dantt r eamis calledwhenanintermediatgesultmustbe
stored.It is givena setof planswhich producethatresult,
andaddsScanand TempPOPsto each.Examplesof more
complex STARSs for a single-sourcddBMS can be found
in [Loh88]. We will look atsomeof Garlic’'s morecomple
STARsin Section3.5below.

Garlic definesa fixed setof rootswith fixedinterfaces,
correspondingo the different languagefunctionsit sup-
ports. Therearerootsfor select,group-by insert, delete
andupdate which areinvoked by the planenumeratode-
pendingon the kind of query In this paperwe focus
on select-poject-join queries. Thesegueriesinvolve three
kindsof roots: AccessRoot (STARsfor single-collection
accesses)Joi nRoot (for joins) andFi ni shRoot (for
ensuringthattheplanis complete).

To allow the Garlic optimizerto planqueriesvhendata
comesfrom sourceswith differing querycapabilities Gar
lic includesseveralgenericSTARs. TheseSTARS construct
the genericPushDowrPOPdescribedabore. We will pre-
fix the namesof thesegenericSTARs with Repoto remind
us that they representvork that will take placein a data
source(repository). Thereis a genericSTAR correspond-
ing to eachroot STAR (exceptFi ni shRoot , whichis a
purely Garlic function). Thus, thereis a RepoAccess
STAR anda RepoJoi n STAR. WhentheseSTARs are
instantiatedthey invoke rulesthe wrappermay have pro-
vided, thenusethe resultsto build a PushDownPOPand
computeits properties.If thereis no appropriatenrapper
STAR, they simply returnno plan. In mary casesGarlic
will find otherwaysof accomplishinghe samefunction.

We illustrate this using Garlic's RepoAccess STAR,
shavn in Figure4. This STAR invokesthepl an_access
rule, if ary, definedby the wrapperof the datasourcethat
containsthe collectionto be accessedThatrule returnsa
list of zeroor more“wrapperplans”. Thesearesimply data
structuresyninterpretedy Garlic, thatprovideinformation
the wrapperneedsto executethe accessf Garlic requests
it later Also returnedarethe propertiesfor eachwrapper
plan;thesewill typically be (a subsebf) the propertiese-
guestedvhenthe STAR wasinstantiatedThe Sourceprop-
erty will be computedby the dsfunctionprovidedby Gar
lic. TheGarlic RepoAccess STAR usestheseproperties
to setthe propertiesof the PushDowrPOPghatit creates.

For purpose®f this paperweassumehatwrapperson-
structtheir plansusing STARs. Note, hawever, thatsince
Garlicdoesnotinterpretthewrappemplans(only their prop-
erties), wrappersare actually free to constructtheir plans
however they wish, as long as the interfaceto Garlic is
STAR-like. Interestedeaderamay consultfRS97 for the
wrappers perspectie on this process. STARS provide a
usefulmeansof capturingthewrappers’querycapabilities,
regardlesof implementationThus,whenwe neecdto char
acterizethe work donein a planby awrapperwe will use
“wrapper STARs” and“wrapper POPs"to do so. We will
usewrapperSTAR nameshat startwith plan. andareall
lowercasdn orderto distinguishwrappelSTARsfrom Gar
lic STARs.



Functions:none

RepoAccess(T,C, P) ::= Vp € plan_access(T,C, P) : PushDavn(p)

Condition: pl an_access(T, C, P) hasbeendefinedby thewrapperof thedatasourcethatstoresT.

Figure4: Garlic’'sRepoAccess STAR
T atable;C columnsof T usedin thequery; P restrictionson T' definedin the query

3.3 Plan Enumeration and Dynamic Programming

Garlic’'s cost-basedSt79] optimizerenumerateglansby
invoking the appropriataoot STARs of Section3.2. Plans

for selectqueriesareenumeratetiottomupin threephases.

In thefirst phasetheenumeratoappliesthe AccessRoot
STAR to every collectionusedin the query Sinceat this
time Garlic storesno data,AccessRoot basicallysenes
to call RepoAccess.

In the second phase, the enumerator applies the
Joi nRoot STAR, which invokesthe RepoJoi n STAR
aswell asvariousotherjoin STARs, eachof which rep-
resentsone Garlic join method. It appliesthe Joi nRoot
STAR iteratively, passingt two plansanda join predicate
eachtime. Initially, eachplanis oneof thoseenumerateth
phaseonefor asingletableaccessWhenall possibletwo-
way join planshave beenexaminedtheenumeratoinvokes
theJoi nRoot STAR to combinesingletableaccesplans
with two-way join plansto createthe three-vay joins, and
soon, until planswhichjoin all the collectionsof the query
have beencreated The enumeratoconsidersll bushyjoin
orders.SinceGarlicis adistributedsystempushyplansare
particularlyefficientin mary situations.

Garlic'soptimizeremploys dynamicprogrammingn or-
derto find the bestplanwith reasonableffort [ST79]. In
every stepof plan enumerationGarlic’s optimizerapplies
pruning;thatis, theoptimizerdoesnotuseplanA asabuild-
ing block for other more comple plansif A hashigher
costthan anotherplan and A’'s propertiesare a subsetof
thatplan’s. Only planswhosepropertiesareincludedin a
cheapeplan'sarepruned;for example,if Planl hashigher
costthan Plan 2, but the Souce of Plan1 is Garlic (i.e.,
Souce propertyis “Garlic”) andthe Souce of Plan2 is
somedatasourcethenPlanl maynotbe prunedbecausét
might be a building block for a winning planthatexecutes
mostoperatorf the queryin Garlic’s queryengine.

In the third phase, the enumeratorapplies Garlic’'s
Fi ni shRoot STAR to getafinal queryplanthatincludes
all projections,selectionsand orderingsspecifiedin the
gueryandnot so far achieved. Whenthis rule completes,
all remainingplanswill have the samepropertiesandthe
leastcostplanis choserfor execution.

3.4 CostingPlans

In Garlic, the costof a plan is the sum of local process-
ing costs,communicationsosts,and the coststo initiate
subqueriegandmethods.The communicatiorcostsandthe
coststo initiate subqueriesand methodsare estimatedby

Garlic functionsusingconstantstoredin Garlic’s catalog.
Thelocalprocessingostsof theoperator®f Garlic’'squery
engineare estimatedoy a costmodelprovided by Garlic.
This modelincludesCPUandl/O costs,andmodelsfairly
closelytheactionsof theGarlicexecutionengine.Thelocal
processingostsof wrappersandtheir datasourceshow-
ever, must be estimatedby cost modelsthat are defined
for eachwrapperindividually becausehereis no univer-
sal, genericcost modelthat is valid for all wrappersand
all datasources.We areworking on a framework to help
wrappenwriters createthesemodels. Today they mustbe
hand-writterandhand-calibrated.

An importantparametenf ary kind of costmodelis the
Cardinality of input and outputcollections. As with other
properties Cardinality is computedafter every application
of aSTAR. Cardinalitydepend®nlogical operation®f the
guery sowrappemritersneednotimplementunctionsthat
computethis property However, they mustprovide waysto
gatherstatisticson the cardinalityof the storedcollections,
andon valuesof their attributes.

3.5 MoreComplexGarlic STARs

We now describe the Garlic join STARs. Garlic’s
Joi nRoot STAR, which is appliedin the secondphase
of planenumerationis definedin Figure5. It specifieghat
joinscanbeevaluatedn Garlicin oneof threeways: (1) by
pushingthejoin downto adatasource(2) via anested-loop
join in Garlic, or (3) by meansof a bind join (definedbe-
low). For eachof thesethreejoin methods Garlic defines
a separateéSTAR which is called by Garlic’s Joi nRoot
STAR in orderto producethe correspondingpin plan.

The simplestof the actualjoin STARs is RepoJoi n
(Figure 6). This STAR producesplansin which the join
is done by a datasourceif that sources wrapperhasa
pl an_j oi n STAR andif boththe outerandinner of the
join areavailableatthedatasource LiketheRepoAccess
STAR, Garlic's RepoJoi n STAR createsa genericPush-
DownPOPto trackthe propertiesof thewrapperplan.

Garlic's Nest edLoopJoi n STAR is shawvn in Fig-
ure 7. Using a plan for the outer (7;) anda plan for the
inner(7%) asbuilding blocks,it constructsa new planwith
a NLJ POPat the root anda ScanPOPto iteratively read
theinner, which is materializedvia a TempPOR The third
parameteof NLJ is the setof join predicatesFor the NLJ
POPto function, all the attributesneededo evaluatethose
predicatesnusthave beenretrieved. To ensurehis, we use
avariantof theFet chCol s STAR definedin Section3.2,



Joi nRoot (T, Ts, P) ::= RepoJoi n(T1, Tz, P)
Joi nRoot (T, T», P) ::= Nest edLoopJoi n(Ty,T», P)
Joi nRoot (T4, Ts, P) ::= Bi ndJoi n(Ty,T>, P)

Conditions:none
Functions: none

Figure5: Garlic’sJoi nRoot STARs

RepoJoi n(Ty,Ts, P) ==
Vp € plan_join(T1, T2, P) : PushDovn(p)

C.: T1.Souce=T,.Souce T;.Souce # 'Garlic’;
pl an_ oi n(T1,T2,P)definedby thewrapperof T:.Souce
F.: none

Figure6: Garlic’sRepoJoi n STAR

Nest edLoopJoi n(Ty, T3, P) ::=
NLJ(Fet chCol s(T1,NeedAtt(T}, P)),
Scan(Temp(Fet chCol s(T2, NeedAtt(T>, P)))),
P)

C.: none
F.: NeedAtt(Plan, Pred§ computegheattributesof collections
of Planthatareneededo computethe predicatesn Preds

Figure7: Garlic'sNest edLoopJoi n STAR

Bi ndJoi n(T1, Tz, P) ::= Vp € plan_bind (T, P) :
Bind(Fet chCol s(T4, NeedAtt(T}, P)), PushDovn(p))

C.: T».Souce # 'Garlic’
p! an_bi nd(T, P) definedby thewrapperof T>.Souce
F.: NeedAttrasin Figure7.

Figure8: Garlic’sBi ndJoi n STAR
Ty, T> plansfor outerandinner; P potentialjoin predicates

which returnsthe Pl an without an attachedretch POPIf
no columnsaremissing.Theability to invoke otherSTARSs
to enforcecertainpropertieds powerful; it allows Garlicto
detectdiscrepanciebetweerwhataplanprovidesandwhat
is needed,andto compensate.Thus, Garlic can provide
powerful queriesagainsievenvery limited datasources.
The third Garlic join rule, the one for bind joins, is
shavn in Figure 8. A bind join is a nestedloop join in
which Garlic passedntermediateresults(e.g., valuesfor
the join predicate)from the outer objectsto the wrapper
for theinner, which usegheseresultsto filter the datait re-
turns. If theintermediataesultsaresmallandindexesare
availableat datasourceshpindingscansignificantlyreduce
the amountof work doneby a datasource. Furthermore,
bindingscanreducecommunicatiorcostin the sameway
thata semi-joindoesin distributeddatabasesOn the other
hand,bindingsresultin poor plansif intermediateresults
arelarge: high processingcostsat Garlic's query engine,
the wrapperandthe datasource plus high communication

coststo shipintermediataesults.Therefore binding plans
shouldbeenumeratedndcostsevaluatedn additionto the
othertwo alternatves. The Bi ndJoi n STAR checksthat
the wrapperfor the datasourcewhich produceshe inner
planacceptdindings(providesapl an_bi nd STAR), and
if so, asksthe wrapperto re-planthe inner with the addi-
tional bind predicatesFor eachresultingwrapperplan,the
Bi ndJoi n STAR producesa nev PushDownPOPasthe
inner. Using our variantof Fet chCol s, Bi ndJoi n en-
suresthatall the attribute valuesneededrom the outerfor
the join predicatesreretrieved, sothatthe Bind POPcan
passhemto theinner.

3.6 Discussion

We have implementedthe STAR frameawork, and STARs
and costmodelsfor wrappersof several datasourcesjn-
cluding DB2, Oracle, ObjectStore,an image processing
systemcalled QBIC [N*+93], two Lotus Notesdatabases,
and two Web sources. Our implementationextendsthe
DB2 CSV2 optimizerwith the STARs andPOPsdescribed
above. During planenumerationtheRepoAccess STAR
is invoked oncefor eachcollectionin the query andin-
vokestheappropriatevrapperspl an_access STAR. All
of Garlic’s join STARs are appliedin every step of the
secondphaseof plan enumeratiorto ensurethat all pos-
sibilities are considered. However, the conditionson the
RepoJoi n andBi ndJoi n rulesensurethatthey will re-
turn plansonly whensuchplansarepossible.

In the currentsystem,all STARs and POPsare imple-
mentedin C++. An alternatve would be to implement
STARs asdeclaratve rulesandinterpretthe STARs aspro-
posedn [LFL88]. This mightsimplify theimplementation
of STARs, especiallyfor wrapperwriters; hard-codingall
STARs in C++, however, providessignificantlybetterper
formanceduringplanenumeration.

Our approachto optimization has several key adwan-
tages.t is a simpleextensionof traditionaloptimizertech-
nology allowing usto bothenumeratafull setof plansand
to take advantageof arny andall advancesin optimization
andexecutionstratgies. Sincewe enumeratell possible
plans,we areguaranteetb find the optimalplanasdefined
by ourcostmodel;aswith all optimizers however, thismay
not bethe actualbestexecutionplanif the costmodelused
by theoptimizeris notsufficiently accurateThe extensions
we male areisolatedandfew in number consistingof one
genericPushDowrPOPanda few genericSTARS.

As a further consequencef this design,our systemis
extremelyflexible. Wrappersfor new datasourcescanbe
addedat ary time without consideringthe capabilitiesof
otherwrappers,andwithout changingthe optimizercode.
BecauseGarlic doesnot have to understandhe wrapper
plans,relying only on a fixed setof propertiesto describe
them,a wide rangeof datasourcesanbewrapped.These
sourcegnay differ in datamodelandvary widely in query



processingabilities, yet no special propertieshave been
adldecto dealwith heterogeneity

Finally, STARs area powerful construcfor adistributed
system.n additionto standardelationalfunction,Garlic’s
STARs can handleapproximatesearch replicatedcollec-
tions,andgatevays[K 796]. An exampleinvolving approx-
imatesearchis givenin Sectior4.

4 Modeling Wrapper Query Capabilities
Using STARs

In additionto making optimizationsimple for Garlic, the
STAR framevork makesit easyto describewrapperquery
capabilitiesandallowswrapperdo startsimply, andevolve
overtime. While Garlic STARs maybe complicatedduein
partto their useof other STARs to enforceneedecproper
ties, wrapperSTARs tendto be simple. Indeed,we have
found no needfor wrapperSTARSs to invoke otherSTARS,
or evento build multiple wrapperPOPs.In this sectionwe
demonstratehe power andsimplicity of the STAR frame-
work for heterogeneousystemspy meansof an example
involving threevery differentdatasourceslin the next sec-
tion, we extendour exampleto shawv how the Garlic opti-
mizerwould optimizeaqueryinvolving thesehreesources.

Considera university with a relational databasestor
ing basicinformation on eachcourseoffered, coursede-
scriptionsin a specialtext store,andan on-line complaint
mechanisnthatsendsmail to anombudsman.Thesethree
sourcegrelational text, andmail) areintegratedusingGar
lic. In thefollowing, we provide relevant detailsof these
wrappersanddefineSTARs for them.

Themail wrapperexportsa Complaintscollectionof ob-
jectsof type Messge. Messagegachhave SenderDate
BodyandSubjectattributes. Thewrapperprovidesonly the
ability to iteratethrougha collection, retrieving the OIDs.
To modelthis ability, it definesthesimplepl an_access
STAR shown in Figure 9. Like every pl an_access
STAR, this STAR takes as parametershe identifier of a
collection(T), a setof attributes(C), anda setof predi-
cates(P) thatareusedin the query Regardlessof C' and
P, this STAR alwaysreturnsone plan consistingof a sin-
gle Quantifier POP. The Quantifier POPmodelsthe exe-
cutionof the query“selectOID from T” in the datasource
thatstoresT'. Thevaluesof the propertiegexceptcostand
cardinality) of the Quantifier POParedefinedin Table 1;
the RepoAccess STAR would getthesevaluesfrom the
wrapperplanto createits PushDownPOP. Query plans
generatedusing this STAR are executedas follows: the
OIDs of all messagesf a collection are passedrom the
wrapperto Garlic’'s executionengine,which usesmethod
callsto thewrapperto gettheattributesof themessages.

The simple STAR of Figure9 could be usedasa start-
ing point for wrappersof mary differentsources. (There
is nothing Mail-specificaboutit.) This STAR guarantees
thatary querythataccessedatafrom oneof a wrappers

pl an_access(T,C, P) = Quantifier (T, dS(T"))

C.:none
F.: dqT) returnstheid of thedatasourcethatstoresr'.

Figure9: Mail WrapperSTAR

pl an_access(T,C, P) = R_ScanT, C, P,dqT))

C.: none
F.: dYT) returnstheid of therel. datasourcethatstoresT'.

pl an_bi nd(T, C, P, plan) =
R_ScanT, C, P U plan.Preds, ds(T))

C.: none
F.. dsasdefinedabore.

pl anj oi n(T1,T>, P) = R.Join(T1, T, P)

C.. T1.Souce=T».Souce
F.: none

Figure10: RelationaWrapperSTARS

sourcescan be processedbut it doesnot model a wrap-
per’s queryprocessingapability andtherefore plansgen-
eratedby this STAR oftenshav poorperformancelnitially
awrappermwriter mightdefineonly this STAR to integratea
sourcequickly; later(s)hecouldaddmorepowerful STARS
to improve performance.For example,we could initially
usethis STAR to integratetherelationaldatabaseandthen,
oncewe hadmadethe relationaldataaccessiblereplaceit
with the STARs of Figure 10 to exploit the relationalen-
gine’'s queryprocessingower, improving performance.

The relational wrapper exports a Classescollection.
Classobjectshave attributesCourse Professaretc. The
relationaldatasourcesupportsthe usualrelationalopera-
tions,andthewrappermprovidesSTARs for accesshind and
join. TheseSTARs areshawn in Figure10. They construct
a setof POPswhich modelthe relationalsources$ opera-
tions. Theirpropertiesaregivenin Tablel. pl an_access
generatean R_ScanPOPwhich modelsthe executionof a
single-tablequery aggressiely applyingall predicatesand
retrieving all necessargolumns. pl an_bi nd alsobuilds
anR_ScanPOR addingthebindingpredicateso theset.Fi-
nally, pl an_j oi n constructsan R.Join POR which mod-
els the relationalsources ability to join two tables,again
applyingall predicatesandfetchingall columns.

The text wrapperexports a single collection, Descs,
which contains objects of type Blurb, with attributes
Name and Description The text data source supports
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 the string. is_about(string)returnsa rank betweerD and



Preds(p) | Order (o) | Mat(m) | Souce(s) |

| | Table(t) | Column(c) |

Quantifier, S) T oid 0 NIL FALSE S
T_Rank({,C, e, P, S) T C'U scoe(e) P scor(e) FALSE S
T_Scanl, C, P, S) T C P NIL FALSE S
R_Scanl,C, P, S) T C P NIL FALSE S
R_Join(Tl,Tz, P) TitUTs.t Ti.cUTs.c Ti.pUTe.pUP NIL FALSE Ti.s

Tablel: Propertiegexceptcostandcardinality)of POPsusedin WrapperSTARS
T acollection;S anid of adatasourcee anis_aboutpredicatelC' asetof attributes; P a setof preds;T1, T> plans

pl an_access(T,C, P) = T_ScanT, C, P;,dqT"))

C.: P, C P areall predicate®f theform
contains(stringpr Name= string.
F.: d9T) returnstheid of thetext datasourcethatstoresT'.

pl an.access(T,C, P) =
Ve € C : T_.Rank(T,C,e, P;,dqT))

C.: eis anis_aboutexpressioronT'. P, C P asabove.
F.. dsasabove.

Figurell: Text WrapperSTARs

1indicatinghow closelythedocumenmatcheghetermsin
the argumentstring. STARs definingthis wrappers plans
arefoundin Figurell. The POPsor theseSTARs arealso
describedn Tablel. Note thatthis wrapperprovidestwo
pl an_access rules: one,which producesa T_ScanPOR
simply scansthe documentsreturningwhatever attributes
areasled for, andapplyingary “contains” or other String
predicatesandthe other which produceghe T_RankPOR
returnsthe resultsin orderof rank computedasa resultof
anis_aboutmethodin the order by clause.
¢Fromthesethree examples,we can seethat the ba-
sic query power of wrappersand datasourceswith vastly
different queryingabilities can be modeledeasily with a
handfulof simple,single-POPSTARSs. Therearetwo rea-
sonswhy wrapperSTARs canbe so simple. First, Garlic
providesa powerful query enginewhich can make up for
missingqueryfunctionin the wrappers.Secondwrapper
STARs model “what” can be executedby a wrapper not
“how”. For example therelationalwrapperexportedasim-
plepl an_ oi n STAR to modelthatjoins canbe executed
by its datasources;it did not needto enumeratelterna-
tive planswith differentjoin methodsbecauselanswith
anR_Join POParetranslatednto amulti-table(SQL)query
andtheoptimizerof therelationaldatasourceautomatically
determineshe mostefficientjoin methods.Precisemodel-
ing of join methodsmay be requiredin the wrappers cost
modelin orderto estimatethe costof join processingn the
datasourcebutit is notrequiredin thewrappers STARS.
Theseexamplesalso demonstratehree further advan-
tagesof our approach.First, we defineda simpleminimal
STAR thatmightbethefirst STAR awrappemwould export.
This malkesit easyto geta wrapperup andrunning. Sec-
ond, wrapperwriters canadd STARs or alternatvesfor an
existing STAR at ary time, to exposemorewrapperquery

functionality to Garlic. This makesit easyto modify and
evolve wrappers. Third, eachwrappers STARs were de-
fined independentlyof the others’, and without affecting
Garlic STARs or Garlic's query services,makingit easy
to addnew wrappergto the system. Modeling power, low

“entry-cost"for writing wrappersgevolvability, andextensi-
bility arekey advantage®f ourapproach.

5 Optimizing a Query

To seehow the whole framework works, we now describe
how a query againstthe sourcesof Section4 would be
processedy the Garlic optimizer using Garlic’s built-in
STARs (Section3) andthewrapperSTARs definedabove.
Supposéhatthe omhudsmarhasjust receveda complaint
aboutan Ancient Studiescourse. Sheremembersecev-
ing a numberof complaintsaboutcoursesconcerningthe
ancientworld recently andwantsto seewhat faculty are
involved. Sheposeghefollowing query:

SELECT
FROM
WHERE

C.Courseg.Prof

Classe<C, DescrsD, ComplaintsP
D.Name= C.CourseAND

C.Course= PSubject

ORDERBY D.is_about(“ancientvorld, GreeceRome”)

In phaseone of optimization, Garlic’s AccessRoot
STAR is invoked once for eachcollection of the query
In each case, it invokes the appropriate wrappers
pl an_access STAR, andthencreatesa PushDowrPOPR
This resultsin four plans,shavn in Figure 12, one from
eachof theMail andRelationawrappersandtwo from the
Text Wrapper Their propertieswill bethoseof thewrapper
POPsn Tablel.

In phasetwo, Garlic’'s Joi nRoot STAR is fired, first
to make all possibletwo-collectionjoins, andthento look
at all three-collectionplans. This entails four calls to
Joi nRoot to join Classesand Descris (onewith eachof
the plansfor Descs asthe outer andtwo with Classesas
the outer using the different plansfor Descs as the in-
ners),four more for Descis and Complaints and two for
joining Classesand Complaints Eachtime it is called,

P1: PushDavn(R Scan(ClassefCourse,Prdf, §, RDB))
P2: PushDavn(Quantifier(Complaintd\iail))

P3: PushDavn(T_Scan(Descrg,Name,scork 0, Text))

P4: PushDavn(T_Rank(Descrs{Name,scorg @, Text))

Figurel2: Plansfrom Phasel of Optimization



P5:NLJ(P1,Scan(Bmp(P3)){Course= Name})
P6:NLJ(P4,Scan(Bmp(P1)){Course= Nam¢})
P7:NLJ(P3,Scan(@mp(Fetch(P2,SubjectjBubject=Namp)
P8:NLJ(P4,Scan(@mp(Fetch(P2,SubjectfBubject=Namp)
P9: Bind(Fetch(P2,Subjectp1+ {Course= Nam&})

Figure13: Two-Way Join PlansSurviving Pruning

P10:NLJ(P5,Scan(Emp(Fetch(P2,Subject))),
{Subject=Coursg
P11:NLJ(P4,Scan(Bmp(P9)){Name= Coursé)

Figurel4: Three-Way Join PlansSurviving Pruning

Joi nRoot instantiatesll threeGarlic join rules. For this
qguery RepoJoi n never returnsary plans,asno two col-
lections are co-located. Nest edLoopJoi n always re-
turns a plan, as Garlic can always perform the join, so
ten nestedloop plansare returned. Sinceonly the rela-
tional wrapperdefinesa pl an_bi nd STAR, Bi ndJoi n
returnsaplanonly whenClassess theinner. Thisoccursin
threeplans,soin total, thirteenjoin plansareconsideredn
this phase.However, only five planssurvive pruning(Fig-
ure 13). The othersare eliminatedbecausehey have the
samepropertiesasanothemplan,andcostatleastasmuch.

Note that eachplan of Figure 13 builds on the plansof
Figurel2. For example,planP5combinegplansPlandP3,
storingthe resultsof P3,andaddingthe join operatomwith
a scanof the new collection. Plan P8 similarly builds on
plansP4andP2,but discorersthatit needso addafetchof
subjectbeforemakingthetemporarycollection,in orderto
applythejoin predicateduringjoin processing.

PlansP7 and P8 demonstratehe benefitsof extending
well-known optimizertechnology Both plansapply a join
predicatehatdid not appeaiin the query but couldbe de-
ducedfrom it by taking the transitve closureof the predi-
cates[G193]. Theseplansrequiredno new rules,nor did
the new, genericGarlic rulesdisturbthem;the existing op-
timizer computedransitive closuresof predicatesandthe
Garlic optimizertherefore(automatically)doesso.

In the next stepof phasetwo, thesetwo-way join plans
will be combinedwith the single-tableaccessplansfrom
phaseoneto generatehe three-vay joins. In this phase,
fourteenplansare created,but only two survive pruning,
oneorderedby is_about(P11)andonenot ordered(P10).
Thesetwo plans,shavn in Figurel14, aretheinputto phase
three. In this phasethe Fi ni shRoot STAR is invoked
to completeboth plans. P11is alreadycomplete,soit is
returnedasis, but Fi ni shRoot addsaSortPOPto P10to
completeit. As bothplansnow have the samepropertiesa
winneris choseron the basisof cost.

6 RelatedWork

Despiteits importancethereis little relatedwork on opti-
mizationanddecompositiorof queriesacrosslatasources
with differentquerycapabilities. Somesystemausequery

rewrite rulesto decomposa query but have no costmodel
to evaluatealternatve plans(e.g.,[FRV95]). [CS93]uses
rewrite rulesto generatalternatve 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-basedjuery optimizationin het-
erogeneousystemsis limited to specific classesof data
sourcegDKS92, GST94. Theworks mostcloselyrelated
to oursare[TRV96] (DISCO)and[PGH94. Thesewo ap-
proacheslsousegrammargo describethe capabilitiesof
wrappers;however, the typesof grammarsusedand how
they areusedaresignificantlydifferent.

DISCOaddresseproblemsbeyondthe scopeof Garlic,
with an emphasison operatingwhen not all datasources
are available. DISCO usesa wrappergrammarto matd
gueries. The DISCO optimizerenumeratesgjueryplansas
if wrapperscould handleary kind of query thenusesthe
wrappergrammarto parseeachplanto determinewhether
it canbe handledby the wrapper Thus,DISCO enumer
atesall plans,including mary invalid ones.The Garlic op-
timizer, by contrast,constructsonly valid plans,andit is
quickerto constructplanusingSTARsthanto parseaplan
usingagrammar

[PGH94 proposesa setof algorithmsthat decompose
a querybasedon a novel relational querydescriptionlan-
guage thatdescribeghe capabilitiesof wrappers.Their al-
gorithmspushdown asmuchwork aspossibleto wrappers
to minimize the amountof processingn the middlewvare
systems queryengine. However, this work givesno guid-
anceon how to executethe remainingquery piecesin the
middleware,or how to choosebetweeralternatve plans.

Recently other ways to describecapabilitiesof het-
erogeneousvrappersor datasourceshave beenproposed.
In [LRO94, capabilityrecodsareusedto describewhich
bindingscanbe passedo a source However, the capability
recod mechanisnis not powerful enoughto describethe
capabilitiesof, say Garlic’s relationalor imagewrappers.
In otherwork, viewsareusedto describevhich queriescan
behandledy awrapper/dataourceg.g.,[Qia96 LRU9E).
While flexible, decomposing queryusingviews requires
solving the query subsumptiorproblem. Thus, theseap-
proachesretypically limited to simpleconjunctive queries
andcannoteasilybeextendedo handleordering grouping,
or aggregatefunctions.

7 Conclusion

In this paper we presentedhe designof a query opti-
mizer for heterogeneoumiddlevare systemsdesignedo
integratedatasourceswith differentdatamodelsandquery
processingcapabilities. A query optimizer is a critical
componentof ary suchmiddlevare system,becausedif-
ferencesn costbetweenalternatve plansfor executinga
guerycaneasilybe several ordersof magnitudeandthere
aregenerallymary possibleplans. Our optimizeris based



on dynamic programmingand Lohmans STatggy Alter-

native Rules,or STARs. We have extendedLohmans ap-
proachto encompasgenericandwrapperSTARs, andim-

plementedthis in the Garlic middlevare system. Garlic

usesSTARsto construcits queryexecutionplans,in which

a genericPushDownPOPrepresentsvork doneby a data
source.Garlic's genericSTARs constructPushDowrPOPs
andinvokewrapperprovidedSTARs to constructhewrap-
per portion of the plan. We illustratedour approachwith

both Garlic andwrapperSTARs, and describechow they

would be usedto optimizea query In asmallsetof experi-

mentgdK +96], we havefurthershavn theimportanceof op-

timizationin thisenvironmentandhow alternatve wrapper
STARsimpactqueryprocessingn Garlic.

The advantagesf our approachiie in its extensibility
andevolvability, the expressvenesof the powerful STAR
syntax,the simplicity of wrapperSTARs, andthe factthat
it canbeimplementedasan extensionof an existing opti-
mizer, leadingto high quality plans.Theapproachs exten-
sible, as new wrappersandtheir STARs canbe integrated
without affecting otherwrappersor Garlic’s queryengine.
The STAR syntaxis powerful, asit enablesvrapperwriters
to preciselymodelthecapabilitieof wrappersvenfor very
unusualdatasources.lt is typically easyto defineSTARs
becausesTARs simply model“what” kind of queriescan
be handledby a wrapperratherthan specifyingprecisely
“how” thesequeriesareexecutedby the datasources.The
approachs efficient, asit employs well-known optimiza-
tiontechniquesuchasdynamicprogrammingvith pruning
to find goodplanswith reasonableffort.

In thefuture,we wantto continueto integrateandexper
imentwith new kinds of datasourcesn orderto getmore
generalnsightinto thedesigntradeofs for wrapperSTARS.
We are consideringwrappersfor a digital library product,
andfor OLE automationseners. We are also examining
whetherwe candevelop cost modelsfor broadclassesof
datasources,so that modelingthe cost of wrapperplans
canbesimplifiedfor thewrapperwriter.
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