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Abstract

Grid techrnologieshavebeendevelgedin respons¢o an
increasein demail for computirg apdicationsdesigné to
yield the benefitsrom collaboration, data sharingand so-
phisticatel interaction of autcmomos and geagraphicdly
dispesedresouces. Distributed QueryProcessing DQP)
is anappeding solutionfor expressingand efficiently eval-
uating requestsacross Grid resouces. In this paper: (i)
we identify parts of the Grid infrastructue that facilitate,
and opennew directiors for, query processingover grid-
enabled hetepgeneais and autoromousdatebases stress-
ing the needfor Adapive QueryProcessing AQP); (ii) we
discusssomebasicchallergesarising fromthe new oppa-
tunitiesandoutlinetheunsuitaility for usein a Grid setting
and narrow specialisationof existing propasals for AQP;
and (iii) we suggesta geneic adaptivity framevork as a
promisingway forward.

1. Novel Opportunities

Grid technol@ieshave beendevelopedin responséo an
increae in demauls for computing apgications designed
to yield the benefitsfrom collaboration, datasharingand
sophisticatedinteractionof autonanousandgeogaphically
dispersedesouces. Indeed,the Grid is an infrastricture
anda setof protacols that enablethe integrated, collabo-
rative useof high-erd compuers,networks, databaes,and
scientificinstrumeits ownedandmanagd by multiple or-
ganizations,referiedto virtual organisatios [6]. Grid com-
puting, in contrastwith traditiond distributed compuing,
focuseson large-scaleresoure sharing(i.e. not primar
ily file excharge ason the web, but ratherdirectaccesgo
computers,software,dataand otherresouces)for innova-
tive applicatiors andin somecaseshigh performarce. As
suchiit is notsupmrtedby todays IntemetandWebinfras-
tructues. Typical Grid applicatiors include autonenous
bioinformaticslabs acrossthe world sharingtheir simula-
tion tools, experimentalresultsand databaes,as well as
theuseof thedoratedsparecompuer time of thousand of

PCsconrectedto thelnterretin orderto identify molecues
which might inhibit the growth of vaiious typesof cancer
cells.

Peerto-pee, ratherthan beinga competig paradgm
to Grid computing, can be deeme as an alterndive and
compementaryappoach toward the organisation of dy-
namic compuational conmunities, the interestsof which
“arelikely to grow closerto Grid computing overtime” [5].

The benefitsaccruingfrom the comhbnation of databae
and grid technolgies have beenrecogiised[20], and al-
thowgh Grid middleware platforms andtoolkits do not yet
provide built-in support for databaseoperatias, specific
initiativeshave beentakento thisend,e.g.,the OGSA-DAI
(http://www.ogsa-a@i.omg.uk/) prgect, which hasdeveloped
dataaccessechnol@y for Grid-erablingdatalasesystems,
andOGSA-DQP(http://www.ogsa-dai.og.uk/dgg), which
hasdevelopeda service-lasedqueryprocessofor OGSA-
DAl wrappeddatabasefl]. Thesequerytechrologiescan
provide effective declaratve suppat for combining dataac-
cesswith analysisandareinheretly well suitedfor inten-
sive applicatios,asthey implicitly provide for parallelism.

Distributedqueryprocessing(DQP)is an appealingso-
lution for a broadrangeof Grid applicatiors dueto its: (i)
declaratve, asopposedo imperatve, manrer for express-
ing poteriially compex compuationsthat integrate inde-
pendnt dataresourcesand analysistools, which are cur
rently eithernot feasible or mustbe carriedout usingnon-
databas¢echnolaies;(ii) implicit provision of parallelism
that malkes efficient task execution more likely; and (iii),
well-establishedelf-schedling mechamsmsfor execuing
the subtask®f a quel planafterthis hasbeenconstrcted
andshippedor evaludion. Existingnon-Grid-erableddis-
tributed and fedeted datatasesolutionsallow datafrom
individual data repositoies, with (e.g, [17]) or without
(e.g, [7]) somemeasue of centralcortrol, to be combired
for dataintegration purposes. Neverttreless,they lack the
parallelinfrastructues that are requred to perfam com-
plex computationsonlargeamourts of data,despitethefact
thatparallelqueryproassinghashecomeamaturetechrol-
ogy. Queryprocessingon the Grid canovercomethis lim-
itation becaus®f thefollowing key differencedrom tradi-



tional DQPover hetergeneos andpotentiallyautonanous
datalases:

e The Grid provides for systematicaccessto remde
dataand compuational resource addressinghe se-
curity, autherication and authorsation prodems in-
volved [6], and,assuch,the Grid enalbesremde data
sour@sto beusednotonly for dataretrieval tasks but
alsofor computationalones aswell.

e The Grid providesmechaismsfor dynanic resoure
discovery, allocationandmoritoring [3].

e The Grid provides mecharsms for moritoring net-
work comections[21], which is essentiafor a query
engireto efficiently exeaute queiesin wide-aeaervi-
ronments.

e The Grid corforms to (currently evolving) standard
(http://www.gridforumorg/6_DATA/dais.tim) and
there exist publicly available reference implemen-
tations (http://www.ogsa-dai.cg.uk) for uniform
Grid-enabledaccesgo comnercial Object-Relatioal
andXML datalases.

A significantsimilarity to traditioral DQPhoweveris the
needfor adaptvity during queryexecuion[11]: thesuccess
andenduanceof databaséechnola@y is partially dueto the
optimisers’ ability to chaoseefficient waysto evaluatethe
planthat correspondsto the declardive quey provided by
theuser Theoptimisers decisionsarebasedon dataprop-
erties,suchascardnalities and predcate selectvities, and
on ernvironmental condtions, suchas network speedand
machne load. In both Grid-endled andnon-Grid-endled
DQP over hetergieneos and autonanous sources,infor-
mation about data propeties is likely to be unavailable,
inaccuate or incompete, sincethe ervironmentis highly
volatile and unpredictable. In fact, in the Grid, the exe-
cutionervironmer andthe setof participatingresoucesis
expectedto be corstructedon-thefly eitherperqueryor per
sessiorf1].

Theremaindrof thepapeliis structuedasfollows. Hav-
ing presentedhe aspectof Grid computing that facilitate
DQP Section2 discusseshe novel challengs metin this
new ervironmer, focusingon the adaptvity issues. Sec-
tion 3 suggestsomenewn appoacheso suchchallengs.
Sectiond condudesthe pape.

2. Novel Challenges
2.1 Adaptivity at all levels

Without loss of geneality, Figure 1 shavs the typical
archtectureof a DQP optimiser, which firstly corstructsa
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Figure 1. The component s of a typical dis-
tributed query processor following the 2-
phase-optimisation approach.

Partitioner

centralisedjuel plan,andthen,a parallelisecbne accod-
ing to the widely adopted2-phaseoptimisationapprach
[15]. Thecharactasticsof the Grid ernvironmentdiscussed
in the previous sectionhave animpacton all the comp-
nentsin Figure 1, in contrastwith the casesaddessedby
existingadaptvetechnques[11, 9]. Thequalityof thedeci-
sionsof theoptimisercompnentss basicallycontrdled by
the quality of theirinputinformationratherthanby the pol-
icy they implement, which in real casesaretypically well
establishedand validated Exampes of issuesarising in
Grid ervironmeris include:

e Logical Optimiser: Typical decisionsat this stageof
guely complation andoptimisationinclude the order
of thejoinsandtheshapeof thequeryplan. Suchdeci-
sionsareaffectedmostly by the sizesof theinput and
intermedate data. For the former, accurée statistics
abou the datastoresneedto be available,andfor the
latter, informationaboutthe predcateandthefilter se-
lectivities are requred. Due to the expectedlack of
suchaccurat@nformation,it is unlikely thattheinitial
decisiondy this compamentwould be nearoptimal.

e Physical Optimiser: Mappng a logical algebraic
quewy plan to a physical one involves the mappng
of onelogical operato to oneof its potentiallymary
physicalimplemantations.For examge, a logical join
canappearin a query execution plan as a (blocked)
nestedoop, a hashjoin, a sort-nergejoin, a pipelined
hashjoin, and so on. Knowing the specific, indi-
vidud physical charateristics of computational re-
sourcessuchasthe amoun of the availablememay,
andpropertiessuchasordeedattributes,is crucialfor
ensurirg goad perfomance.

e Partitioner; Thepartitiorerandtheschedulearecom-
monly usedin query evaluatorsfor parallelarchitec-
tures, but sometimesare omittedin wide-aea quey
engires,which tendto periorm all the computationat
acentralplace,usingremotemachinesnly to provide
dataover the network. The partitiorer’s respamsibility
is to split the physical queryplaninto subplangi.e.,



subset®f physical operaors),which canbe evaluated
at different placesaccordimg to the capabilitiesof the
availableresourcesn the execuion ernvironmer.

e Sdeduler: The schedulerassignsa subplandefined
by the partitionerto at least one physical machine.
If the execution mecharsm doesnot provide implicit
mechanismsfor definingthe order of operator execu-
tion within a subplan(e.g, it doesnot follow the it-
eratorexecution model[10]), the schedulemeedsto
male theseadditioral decisiors aswell. Its policies
arebasedmostly on the propertiesof the physical re-
soure@s.

Existing solutionsfor adaptie queryprocessindAQP)
canaddres®nly partially theabove issues.They cancom-
persatefor inaccuate or unavailade dataproperties(e.g.,
[2, 14]), bursty dataretrieval ratesfrom remote sources
(e.g, [12]), andprovision of prioritisedresultsas early as
possible(e.g, [18]) but they alsosuffer from the following
majorlimitations,which prohikit theirwidespreadisage:

e They aretoo specificin termsof the prodem they ad-
dressandaredesignd in isolation[13]. As such,they
canrot easilybe combired to meetthe broader adap-
tivity demandsof queryprocessingnthe Grid.

e They focus on centralisedsingle-rodequeyy process-
ing and do not yet provide robust mecharmsms for
respmding to chan@s in the pool of available re-
sour@s, even when the data are initially storedre-
motely wherea the Grid providesnovel oppatunities
to benefitfrom the multiple forms of parallelism(i.e.,
independen, pipelined andintra-goerato} over mary
resouces.

Efficient queryproassingon the Grid needshotonly to
be adaptve, but alsoto addess,in a unifying framework,
the casesmenticmed above, i.e., both for single-nae and
multi-nodequery processing.

2.2 Harnessing the available power

It is perhapsworth mentianing that the selectionand
schedling of the resouresthat will participatein query
evaluationfrom anunlimited andhetergeneos pod is an
open issueevenin its staticform. GenericGrid schedules,
like Condor[19], suppot DAGs that canrepresehquery
plansbut they do not provide for pipelinedor partitioned
pardlelism. Existingschedling algorithns for distributed
datalasesithersupprt limited partitioredparallelismif all
the participatirg machireshave the samecapalities (e.g.,
[4]), or no partitiored parallelismat all (e.g, [16]). Thus,
they areinappopriatefor intensve quey apgicationsand
unaleto hanestthebenefitsof thetypically hetergeneos
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Figure 2. The monitoring, assessment and re-
sponse phases of AQP.

resoucesthata Grid makesavailableto its users(nate also
thata distributeddatalaseis not necessariheterogneos
andautonanous).

3. A Roadmapfor an Adaptivity framework
3.1 Databasearchitecturein a service-basedworld

Section2 undelinedtheneedor aunifyingandcomge-
hensve adaptvity framevork. Before elaboating on this
issue,it is importantto answerthe questionasto whatar
chitectual modfications are neededfor query processing
over Grid resources. The praominenceof Web and Grid
servicesas a promising archtectural paradign for wide-
areacomputing hasan impacton DQP Service-baedap-
plicatiors are charaterisedby well-definedinterfacesand
mechairsmsfor registerirg their propertiesandcapaliities,
for queying suchregistriesandfor binding to remoteser
vices. [1] descrilesanarchitectue for servicebasedDQR,
in whichnotonly thedatabasemanifesthemselesasser
vices,but the whole systemis itself a serviceandis acces-
siblein the sameway asary otherservice.The benefitsof
suchanappoachincludethecapabilityto dynanically dis-
cover relevantdatastoresandcompuationalresoucesthat
arecapableof evaluatirg the quey.

3.2 Divide-and-Conquer

It hasalrea¢ beenrepatedthat, sofar, efforts in AQP
have resultedin a collectiin of isolatedtechnigquiesrather
thanin a geneic framework, ascompehensie asin other
areaxf databaseesearchl3]. A quel proessingsystem



is definedin [11] to be adaptve if it receves information
from its ervironmen anddetermiresits behaiour accord-
ing to thatinformationin aniteratve manne, i.e.,if thereis
afeedtackloopbetweertheervironmentandthebehaiour
of the quay processingystem.Although sucha feedtack
loop mayonly becomplded betweergueryexeaitions,the
mostchallengiy caseis wherethe feedtackloop produces
effeds duiing the exeaution of the quey. A slightly finer
graired analysisof this loop leadsto the identificationof
threesemanticallydistinct phasespamdy monitoring as-
sessmerdndresponseTheexecuion of aplanandtheexe-
cutionervironmen itself aremonitaed,thenanassessment
is maderelatingto the progressof the execution,depenihg
onwhicharesponsenaybecarriedoutthataffectsthecon-
tinuing evaluation of the quel. Theresponsenay be fine
graired (e.g, directingthe next tuple to a particuar node)
or coarsegrained(e.g, rernning the optimiser over some
or all of thequeny).

In existing AQP propasals, the monitoring, assessment
andresponsehaesare not nomally addressedas stand-
alonetopics. Rather individual technquestendto group
togetleranappoachto moritoring, amears of assessment,
anda form of respoie. Consequetty, to dateno geneal
framework hasbeenconstrtedfor identifying or comps-
ing geneit andreusabldechniaqiesfor moritoring, assess-
mentor respose. For exanmple, onecould ervisage a par
ticular approachto monitaing being usedwith different
forms of assessmerdndresponsepr differentcategyories
of resposebeingmadein thelight of a singleapprachto
monitoring andassessmentn [8] it is discussedow dy-
namicdly gatteredexecutioninformationabou the actual
selectvity of an opeator canbe usedeitherto re-rotte tu-
plesthrowgh joins, or to reconstrat a queryexecutionplan
for the remainar of the query or to build more accurae
predctions of the quey comgetion time. By decoufing
the generatio of selectvity information and its usage,it
becanespossibleto usea singlemonitoiing mechanisnior
all the above techniges. This is true for assessmerdand
respmse,aswell. A form of respmsecanbe decoyled
from theproblemit triesto tackle. For exanple, reoptimis-
ing the queryplanmaybe usedfor variousreasonsinclud-
ing the unavailalility of accuatestatisticsatcomple time,
nonrespoiding remotedatasourcesandunexpectedmem-
ory shortag.

Figure 2 shows a diagramof what we ervisag as a
gereric framework for adaptve quey processingi.e., a
basisfor constructing, explaining and comparing adaptve
technques. The execution enginegeneatesinformation
abaut the state,quality and progessof the evaludion of
a quey plan. Also, the resouce repositoy provides up-
to-date information abaut the registerel resoures. Based
on suchmonitoiing information, eventsaregeneated. The
assessmenmihaseevaluaestheseevents in orderto verify

whetherthey dende changesn the valuesof interesting
propertiesand whethersuchchange are an issuefor the
current executia, in the senseof somethinghatmaycom-
pronise its optimality. Oncean issuehasbeenidentified,
the systemtries to identify potertial waysto respad. If

suchways are found, the execution engineis notified ac-
cordngly andits behaiour changsasaresult.

The above model of AQP is simple, yet powerful and
compehenste, asit candescrile andcombine existing pro-
posals. Otherkey berefits that have not beenpreviously
menticnedor impliedinclude:

e Conformae to the service-based compting
paradigm: the framework proposeddoesnot depein
on, but conforms to, a serviceerientedarchitectue
asit can be implementedby individual compaents
for eachdistinct phasethat are not necessarilyightly
couged with othercompners, canbe enhacedand
modified separately only expose an interface, and
comnunicateprimaily by exchangirg messages.

e Suitablity for multi-nade executiors: thereis no re-
striction on the nunber of instancesand the locality
of eachof the compnentscomprising an AQP sys-
tem. For instance monitaing compmentscanreside
with evaluatas, or be placedcentrally or form a hier-
archyof monitors. As Figure2 imposeshorestrictiors
on the casessuppated, the framenork is suitablefor
multi-nodequeryevaluationandadaptvity contiol.

e Compehermsiveness:it can cover mary appraches
with respecto

— architecture: AQPcanbeachiezedbytheevalua-
tor calling backthe staticqueryoptimiser or the
evaluator calling a differert centralmechaism,
or the evaluaor beingself-adafive. Still, in all
thesecaseghereis aneedor monitaing, assess-
ment,andrespose,andthus,theframewvork can
beapplied

— plan anndations: AQP may, but neednot, de-
perd on annotatiais of queryplanswith perfor-
mane expectatims in orderto operate therely
enalbing it to cover abroaderrange of casesand
not to require ary modficationsto the staticop-
timiserwith respecto this particularissue.

— proadive vs reactiveadgptivity tedhniques: the
framework, in generalcanrealiseandimplement
ary existingproposalsasit is orthogoral to them.
It doesnot defineary specificpurpesfor plan
alteration kinds of monitaing information,etc.

Implementing the framework: Below, we briefly
presensomeinsightsfor implemerting the framework.



e Monitoring: creatingmontoringinformationabautthe
executionof aquey plancanbeachiered(i) by thein-
corporationof new compaentsin theevaluata, (i) by
incomoration of dedicatedoperaors in the plan, and
(iii) by plantingspecificprobesn theopeators,which
yieldsgodd resultg[8].

e Assessmentwithoutlossof geneality mostof the ex-
isting appoachesxanbe expressedandevaluaed, as
Event-Condition-Action (ECA) rules.

e Responsedefiningresponsenessagesn the basisof
theimpactof adaptatioronthecurrentexeaition (e.g.,
opeartorreordeing, opeator replacement.etc), rather
than on the basisof its purpose and the prodems it
addessege.g, memay limitations, fluctuatingdata
arrival rate, etc) canleadto a small, concreteset of
respmsemessageypes.

4. Conclusions

Grid techndogiesopennew directiors for DQP, asthey
provide solutionsfor prodemssuchassecurity authorsa-
tion, authetication, resouce discovery, etc. However, the
volatility, multiple ownerslip andhetergeneityof the en-
vironmentnecessitatéhe developmert of a compehensie
framework that cancover, gereralise,combire andextend
adapive proposalsto date. To this end,threephaseshave
beenidentifiedin AQR viz., monitoiing, assessmeiindre-
sporse,whichformthefoundationsof ourpropasalfor such
anadaptvity framework. Studyirg thesephaseseparately
yieldsgenerdty, substitutabilityandreusabilityacrosdif-
feren techniqies.
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