Energy and Performance Considerationsin Work Partitioning for Mobile Spatial
Queries

Sudhama Gurumurthi
N. Vijaykrishnan

OracleCorporation
OneOracleDrive
NashuaNH 03062,USA

ning.an@oracle.com

Abstract

A seamlessnfrastructue for information accessand
dataprocessings the badbonefor the successfutlevelop-
mentand deploymenbf the ervisionedubiquitous/mobile
applications of ‘the near future. The developmentof
sud an infrastructue is a challenge dueto the resouce-
constained nature of the mobile devices,in termsof the
computationapower storage capacities wirelessconnec-
tivity and batteryenegy. Wth spatial data and location-
aware applicationswidely reca@ynizedas being signi cant
bene ciariesof mobilecomputing this paperexaminesan
important topic with respectto spatial query processing
from the resouce-constained perspective "Speci cally,
whenfacedwith the task of answeringdifferent location-
basedquerieson spatial data from a mobile device, this
paperinvestigateshe bene tsof partitioning the work be-
tweentheresouce-constainedmobiledevice(client)anda
resouce-rich servey that are connectedy a wirelessnet-
work, for enegy andperformancesavings.Thisstudycon-
sideistwodifferentscenariospnewheeall thespatialdata
andassociatedndex can t in clientmemoryandthe other
wheee client memoryis insufcient. For ead of thesesce-
narios, several work partitioning schemesare identi ed. It
is foundthat work partitioning is a goodchoicefrom both
enegy and performanceperspectivesn several situations,
and theseperspectivexan havedifferential effectson the
relativebene tsof work-partitioningtechniques.

1 Intr oduction

The proliferation of numerousmobile and embedded
computingdeviceshasmadeit imperatie to provide users
with a seamlessnfrastructurefor information accessand
dataprocessing. The developmentof suchan infrastruc-
tureis a challengedue to the resource-constraineshture
of themobiledevices,in termsof thecomputationapower,
storagecapacitiesyirelessconnectvity andbat_teryenegP/.
With spatial dataand location-avare applicationswidely
recognize@sbeingsigni cantbene ciariesof mobilecom-
puting, this paperexaminesanimportanttopic with respect
to spatialquery processingrom the resource-constrained
perspectie. Speci cally, this paperintroducesdifferent
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ways of partitioningthe work in the applicationbetween
aresource-constrainedientandaresource-rictsenerthat
are connectedyy a wirelessnetwork, andinvestigateshe
enegy consumptionand performancetrade-ofs between
theseapproaches.

_Resource-constraings a mobiledevice canbiasanap-
plicationdeveloperto off-load mostof thework to a sener
wheneer possible(througha wirelessnetwork). For in-
stancethehandheldcouldsene asaverythin clientby im-
mediatelydirectingany userqueryto asenerwhichmaybe
muchmorepowerful andwhereenegy maynot bea prob-
lem. The handhelddoesnot needto storeary datalocally
or performary complicatedoperationson it in this case.
However, it is not clear whetherthat strategy is the best
in termsof the performanceandenegy viewpoints. Send-
ing the queryto the sener andreceving the dataover the
wirelessnetwork exerciseghenetwork interface whichhas
beenpointedout by otherstudiesto be a signi cant power
consumeif6]. If this dominatesover the power consumed
by the computingcomponent®on the handheldthenit is
betterto performthe entire operationon the client sideas
longasthehandheldcanholdall the data.Sometimeseven
if it is enegy and/orperformanceef cient to off-load all
the computatiorto the sener, thereareseveral reasoné{il]
suchasaccesdo the sener (unreachability/disconnewity
from remotelocations)andprivagy (the usermay not want
others,includingthe sener, to beawareof his/herlocation
or gueries),causingthe entire query executionto be per
formedonthehandheld Thereareseveraloptionsbetween
theseextremes- performingall operationsat the client or
everythingatthesener - thatareworth a closerlook. Parti-
tioningthework appropriatelybetweertheclientandsener
in a mobile settingcan have importantrami cations from
the Eerformanceand enegy consumptiorviewpoints. To
our knawledge,no previous study hasexploreda possibly
rich spectrumof work partitioningtechniquebetweerthé
mobileclientandthe sener for mobile spatialdatabasep-
plicationsto investigateenegy-performancérade-ofs.

Thispaperspeci callx/lfocusesnn SpatialDatabasé/lan-
aPem_enS stemg{SDBMS)[17], animportantclassof ap-
icationsfor the mobile devices. SDBMS are important
or mobile computingwith severalpossibleapplicationsn
this domain. Already, mobile applicationsfor spatialnav-
igation and queryingusing a streetatlasare available for
mary PDAs [16, 7]. Querieson spatialdataaretypically
answeredn two phases.The rst phasecalledthe lter -



ing step, traversesthe multidimensionaindex structureto
identify potentialcandidatesolutions. The secondphase,
calledthe re nementstep, performsthe spatialoperations
on eachcandidateto nd exactanswers.Re nementcan
be quite intensie for spatialdata(basedon the geometric
compleit ?]co_mp_are_do traditionaldatabasewhere lter -
ing costs& atis diskintensive) areusuallyoverwhelming.
Suchwell-demarcateghasesene to identify pointsin the
queryexecutionthatcanbe exploitedfor work partitionin
asis exploredin this paper Apartfrom the two extremeso
doingeverythingat theclientor the sener, onecouldervi-
sionperformingthe ltering attheclientandthere nement
atthesener, andvice-versa.

It shouldbenotedthattheavailability of index structures
anddata,eitherpartially or completelyonthemobileclient
hasalargein uence onthechoiceof operationgloneatthat
end.The ltering steprequiregheindex to beavailable,and
there nementrequiresthe actualdataitemsfrom [tering.
Shippinga large amountof informationbackandforth is
not a good ideabecausef the associatedommunication
costs. At the sametime, the amountof information that
a handheldclient canhold is limited by its physicalmem-
ory size(DRAM) sinceit doesnot usuallyhave the luxury
of disk storage.Finally, the placementand availability of
datais alsodeterminedy the frequeny of updategeither
changer insertions)sincetheseagaininvolve communi-
cation.In our experimentswe considettwo scenariosThe
rst scenario,AdequateMemory assumesghat the client
hassufcient memoryto hold the datasetand associated
index, while the secondscenarioJnsufcient Memory as-
sumeghatthe client canhold only a certainportion of the
datasetindindex thatis limited by its availablememory

This paperexploreswork partitioning issuesfor these
scenariosusing somespatial queriesfor road-atlasappli-
cationson real datasets. A detailed, cycle-accurateper
formanceand enegy estimationexecution-drven simula-
tor calledSimplePaver[19], thatis availablein the public
domain,is usedto analyzethe behaior of thesequeries.
Thesimulatoris augmenteavith detailedperformancend
enegy [18] modelsto analyzethe wirelesscommunication
componentsln additionto the softwareissuef work par
titioning and dataplacementtheir interactionwith hard-
wareartifactssuchastheratioof themobileclientprocessor
speedo thesener processospeedthewirelesscommuni-
cationbandwidth andthe choiceof dynamicallyadjustable
power modesds studied.

Therestof this paperis structuredasfollows. The next
sectionputsthisworkin perspectie with otherresearcten-
deavors. Seqt|0n3ég|vesa quick backgroundf the spatial
g_uerlesconsmere_ .Section4 de nes the designspaceof

ifferentwork partitioningchoiceghatareevaluated A de-
scriptionof themodelingof thedifferenthardwareandsoft-
warecomponentsncludingthewirelesscommunicationis
givenin Section5, andthe resultsfrom this evaluationare
givenin Section6. Section7 summarizeshe paper

2 RelatedWork

The areaof mobile computinghasdrawn a greatdeal
of interestfrom differentresearcfgroups. Theseresearch
efforts addresgssuesat the circuit and architecturalevel
[5], thecompiler[13], andalsoon higherlevel issuessuch
gs ubi gitousmformatlon accesd4] androuting protocol

esign2].

Severalvendorsalreadyoffer [7, 16|] aversionof aroad
atlas (a simple spatial databaseapplication). However,
mary of theseapplicationshave beendevelopedin an ad
hocmannerandthereis very little prior work on how best
toimplemensuchquerienresource-constraineystems.

An earlierwork [11] looked at the wirelesscommunica-
tion andassociateénegy consumptiorissuedor broadcast
data. The problemthatthis studyexaminedis that of data
disseminationwhenthereis somepieceof informationthat
is widely sharedhow bestto disseminatghis datato all mo-
bile devicesthatmaybeinterestedin aper]‘ormance/en?
ef cient manner? The only known prior |nvest|g_at|on[_7
into queryprocessindor enegy/performancefciency in
resource-constrainesystemshasstudiedthe trade-ofs be-
tween enegiy and performancefor different spatialindex
structures.In that study all the dataandindex structures
wereassumedo resideentirelyat the client, andno client-
sener communicationwas assumed. As was mentioned
earlier it is notclearif thisis really thebestapproactwhen
thehrels the option of of oading somework to a resource-
rich sener.

3 Spatial AccesdMethodsand QueriesUnder
Consideration

Therehasbeenagreatdealof priorwork donein thearea
of storageorganizationdor spatial(multidimensionalfata.
Several previous studieshave comparedheseindex struc-
turesfrom the performance scalability spaceoverheads,
simplicity, and concurreng managemenviewpoints. [1]
haslooked at sometypical spatialindex structuresfrom
both the performanceand eneg){ consumptionperspec-
tives for memory residentspatialdata. Thesestructures
have beenpointedout to be representatie examplesfrom
the designspaceof storagestructuregor multidimensional
data. Sinceone of the goalsof this work is to investigate
haw work partitioningcomparesvith performingthe entire
gueryatthe mobileclient, we usethe sameindex structure
implementatiormethodologyandquery-typesereasaref-
erencepoint. ] ) _

Line segments(or polylines)dominateroad-atlasappli-
cations,andtheseare usedasthe dataitemsin this study
The queriesthat have beenusedin the earlier study and
have beenidenti ed asimportantoperationsfor line seg-
mentdatabase§d, 10] include point, range, and neaest-
neighborqueries In point queries,the useris interested
in nding outall line sggmentsthatintersecta givenpoint.
Rangequeriesare usedto selectall the line sggmentsthat
intersecta speci edrectangulawindow. Nearesneighbor
gueriesareproximity queriesvheretheuseris interestedn
nding the nearestine sggmentfrom a given point. More
detai sre%ardlngthesequerlesareglven|n [8]. Inthein-
terestof clarity, we uniformly presentll evaluationresults
usingthe PackedR-treeindex structure.

4 Work Partitioning Techniquesand Experi-
mental DesignSpace

Therearenumerousvaysof partitioningthe total work
S_ ) betweerthe client andsener for the queries. Figure
capturegheoverall structurefor work partitioning,where
theclientperforms  amountof work, beforesendingoff
arequesto the sener for it to in turn performits portion
of work (). Whenthe sener returnsthe resultsfrom its
execution the clientmay performadditionalwork () be-
fore handingtheresultsto theuser It is sometimegpossible
for the client to overlapits waiting for the resultsfrom the
sener with a certainamountof usefulwork () aswell.
Further onecouldalsoervisioncommunicatiomgoingback
andforth betweerthe clientandsener, andwithout signif-
icant loss of generalityone could capturethosescenarios
with appropriatevaluesfor the  s.



Whereis thecomputatiorperformed? | Wheredoestheindex reside? | Wheredoesthedatareside? ||

AdequateMemory at Client

Fully at Client

At ClientandSener

At ClientandSener

Fully atthe Sener

Only at Sener
Only at Sener

Only atSener
At ClientandSener

Filtering at Client, Re nementat Sener

At ClientandSener
At ClientandSener

Only atSener
At ClientandSener

Filtering at Sener, Re nementat Client

Only at Sener

At ClientandSener

Insuf cient Memory at Client

Fully atthe Sener

Only at Sener

Only atSener

Fully atthe Client

Partly atClient, Fully at Sener

Partly at Client, Fully at Sener

Table 1. Work PartitioningandDataPlacemen€ChoicesExploredin This Study

CLIENT SERVER
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w4 w2

%
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Figure 1. Overall Structureof Work-Partitioning

By associatinglifferentvaluesfor , one could cap-
ture awide spectrumof work partitioningstratgies. Con-
sequentlythis designspacecanbecomeexceedinglylarge,
if onewereto considerall possiblevaluesfor the = s. It
shouldhowever be notedthatwork partitioningcomesat a
cost.Oneneeddo packagendtransmit/recaie stateinfor-
mation,anddatabackandtorth, anddoingthisatavery ne
granularitywould resultin signi cant overheads.Further
programmingcan becomevery hardif oneis to consider
migratingthework arbitrarily in themiddleof anoperation
(stateinformationhasto beexplicitly carriedover). It is for
this reasorthatwe look for explicitly demarcateghortions
of the codethatareat reasonablgranularitiesto consider
shippingthe work over to the otherside. The ltering and
re nem_entste;ﬁsof query processingpffer theseclear de-
marcationsn the execution,andwe speci cally targetour
work partitioningschemest the boundarie®f thesesteps.
Further we do not assumeary scopefor parallelismin the
execution thoughtherecouldbein reality (this only makes
usconserative in our estimateof the bene ts of work par
titioning),and  is setto zeroin our considerations.

Table 1 shows the work partitioning stratgjiesthat are
actually studiedin this paper The taxonomyis basedon
where the computation( ltering and re nement) is per
formed for eachquery togetherwith the location of the
dataseandassociateihdex. In the rst scenarioye exam-
ine situationswherethereis adequatenemoryat the client.
For thiswe considey . ) )

Doing everythingattheclient(i.e. ). In thiscase,
the dataandindex needto be at the client to performthe
operationsandthisis theonly optionconsidered.

Doing ever?;thlngattheser\er(l.e. ) ).
In this casethereis no needto keeptheindex attheclient.
While onemay avoid keepingthe dataaswell attheclient,

anadwantagewith its presencés thatthe sener cansimply
senda list of objectids afterre nementinsteadof the data
items themseles, thus saving several bytesin the results
messagéransmissionHence we considetbothoptionsfor
thedataattheclient. ]
Doing ltering at client and re nement at sener (i.e.
Itering, re nement). Shippingall the index to
theclientcanincura high cost. Consequentl,yNe.con&der
only thecasewheretheindex is availableatthe client (and
by default, at the sener). For thedata,aswith the previous
case,we considerboth optionsto explore the potentialof
saving communicatiorbandwidth. ) )
Doing ltering at sener and re nement at client (i.e.
Itering, ~ re nement). In this case,it doesnot
make sensekeepingthe index at the client. Further since
the earliertwo casesonsidertheimpactof moving ltered
dataitemsfrom the sener, we only considerthe situation
whenthedatais alreadyavailableattheclient.

Master Index Structure

il

Figure 2. ChoosingDataandIndex Structurefor Ship-
mentto Client

Query Point

lent Memory Size = 12 Data Items + 7 Index Nodes.

In the secondscenariowherethe client memoryis in-
sufcient, we consider )

Doing everythingatthe sener (i.e. ) ).
Thereis nodataor index maintainedattheclient,andall the

ueriesaresimply shippedover, andtheclientjustdisplays
the nal resultsit getsback. ) )

Doing everythingattheclient. (i.e., ltering andre-
‘nement). In this casetheclientis goingto hold dataitems
in a partof the spatialextentandassociateihdex basedn
its availablememory Whenaqueryis given,theclient rst
checks(basedon the index it has),whetherit canbe com-
pletelysatis edwith its datalocally. If so,it goesaheacdand
doeghe ltering onthesmallerindex andthecorresponding
re nement(i.e. , andthereareno messagegoing
backandforth). Ontheotherhand,if it cannotanswerthe
querywith localdata,it sendgherequesto thesener. The
senersenddackdataitemsthatsatisfythequerypredicate,



togethemwith somemore proximatedataitems,andanin-
dex encompassingll thesedataitemsbackto theclient

is now the extrawork thatthe sener doesto pick suchdata
itemsandbuild anew index). Theamountof dataitemsand
index is determinedy the client memoryavailability. The
client usesthis informationto do the Itering andre ne-
ment, and stasheshis away for future queries. If thereis
sufcient spatialproximity from onequeryto thenext, then
thedatatransfercostscanbeamortizedover severalgueries.
We would like to brie y explain how the sener picks the
dataitemsandnew index for the client in this case,since
we do not wantto incur signi cant overheads We usethe
pacled R-treestructureto explain the algorithm. Together
with the query the client sendsits memoryavailability to
the sener. The sener traversesthe masterindex structure
(for theentlreo[atasetfasusualexcept,that_lt notonly picks
nodesanddataitemsalongthepathsatisfyingthepredicate,
butalsocertainnodesoneithersideof it basedbnhow much
datatheclientcanhold. Figurez shovs anexample where
the nodes/dataatisfyingthe actualpredicateis shovn by
the thicker line, while the nodes/datahat is actually sent
is shavn by the shadedareawhenthe client memorysize
canhold 12 dataitemsand 7 index nodes. Note that we
cando this in just one passdown the index structure(as
is usual),sincethe pacled R-treecangive reasonablesti-
matesof how mary dataitemsandindex nodesarepresent
within agivensubtree.

One may ask how doesthe data and/or index get to
the client in the sthemeswhich require thoseto belocally
present.If the rewardswith suchschemesre substantial,
thenonecould adwcateeither having theseplacedon the
clientwhile connectedo awired network (beforegoingon
theroad)or incurring a onetime costof downloadingthis
information. We focus on static data/informationand do
notconsiderdynamicupdatesn this work.
~ Having describedthe designspaceof work partition-
ing schemeghat we considey we would like to point out
that thereare several hardware, systemsoftware and mo-
bility factorsthat govern the performanceand enegy of
theseschemes.Someof thesefactorsinclude the relative
speedsof the mobile client and resourcerich sener, the
wirelesscommunicatiorbandwidth the availability of pro-
cessopowersaving modestheavailability of powersaving
modeson the NIC, andthe physicaldistancebetweenthe
client and basestation. Thereare also other issuessuch
as noise, paclet loss due to mobility, etc. affecting the
schemesandin this studywe assumeahoseissuescanbe
subsumedby anappropriatechoiceof theeffective wireless
communicatiorbandwidth.

5 Experimental Platform

_In thefollowing subsectionsye go over the simulation
infrastructurevhich providesaplatformfor quantifyingthe
performancecyclesandenegy consumptiorof the differ-
entqueryexecutionstratgies. We alsogive detailson the
workloads(both datasetsand queries)and parametershat
areusedin theevaluations.

5.1 Modeling the Mobile Client

We usethe SimplePaver [19] simulationinfrastructure
to modelthecyclesanddynamicenegy consumptiorof the
executionof applicationcodeon a 5—stage|r]tegerp|pel|ne
datapath. This tool is availablein the public domainand
providesdetailedstatisticsfor the differenthardwarecom-
ponents. The readeris referredto [19] for detailson how

it works, togetherwith the eneﬂy modelsfor the differ-
entpiecesof hardware- datapath¢lock, cachesbusesand
DRAM memory

5.2 Modeling the Wir elessCommunication

In additionto the processodatapathcachespusesand
memory we alsoneedto simulatetheinterfaceto thewire-
lessNIC, thedatacommunicatiormndthewirelessprotocol.
We have developeda NIC power andtiming simulator to-
%ethenN|th a protocolsimulator andincorporatedhis into
the SimplePaver framevork. The effective bandwidthof
the channeldependson different parametersuch as the
channelcondition and the underlying modulation/coding
schemesisedby theclient. In this work, we adjustthe de-
liveredbandwidthto modelthe wirelesschannelcondition
(errorsin wirelesstransmission). o ]

The NIC modelis basedon the descriptionpresentedn
[\ﬂ Therearefour statesfor the NIC, namely TRANS-

IT, RECEIVE, IDLE, and SLEER and its power con-
sumptionin thesestatesis givenin Table2. The SLEEP
stateprovides the mostpower saving, but it is physically
disconnectedrom the network. The NIC cannotbe used
whenit is in this mode ,andcannotevensensehepresence
of a messagdor it (from the sener) leave alonereceving
it. This statehasanexit latengy of [18] to transition
to oneof theactive modes.The SLEEPstateis usedbefore
sendingthe requestindafter gettingbackthe datato/from
the sener whenwe aresurethattherewill be noincoming
messagédor the client. The IDLE stateis usedwhenit is
importantfor the NIC to be ableto senseor the presence
of amessagérom the sener (Whenwaltm%for aresponse
after sendingthe requestio sener). The TRANSMIT and
RECEIVEstatesareusedwhensendingandreceving mes-
sagesespectrely. The transmitteris usually muchmore

ower consumingthan the recever. This power depends
ar%ely on the distanceto cover, asis shavn in Table2 for
100 m and 1 Km distancedo reacha basestation/access
point.

State Power (mWw)
TRANSMIT | 3089.1for 1 Km (1089.1for 100m)
RECEIVE 165
IDLE 100(Exit Lateng: 0s)
SLEEP 19.8(Exit Latengy: )

Table 2. NIC Power States

In addition to the NIC hardware simulation, we have
also developedapplication-leel code(AF_’Is? to simulate
the software network protocolsover the wirelessmedium.
Theseare executedagainon the SimplePaver simulator
The APIs include: SendMessage, RecvMessage,
Sleep , andldle . The SendMessage function simu-
latesthe sendingof dataand RecvMessage that of re-
ception(returningwhenthe messagas in the appropriate
butfers). The API codeincludesthe processof packag-
ing the datainto IP paclets and TCP segments,and per
formance/engy costsfor this areincludedin the proces-
sor datapathcachesbusesandmemory The Slee% and
Idle functionsareusedto puttheNIC intotheSLEEPand
IDLE statesres&ectvely, andtheirusagevasexplainedear
lier. Whenthe NIC sensesnincomingmessagéwhenin
IDLE mode),it transitiongo the RECEIVE stateandpicks
up the message.The durationof its stayin the RECEIVE
st%t?{s governedby the messagéengthandnetwork band-
width.

All messageéransfersincludethe TCP and IP headers,
andarebrokendown into sgmentsand nally into frames



basedon the Maximum TransmissionUnit (MTU). The
transfertime andenegy consumptiorare calculatedbased
on the wirelessbandwidthand the power consumptionin
theappropriatenode. S

In ourexperimentsin orderto minimizetheenegy con-
sumptionof the CPU,whenthe mobileclientis waiting for
amessagewe let the CPU block itself andmake the NIC
interruptit uponamessagarrival. Further whentheappli-
cationis blocked on the client, its CPU s putinto a lower
power mode.

5.3 Modeling the Server

Sincewe alreadyhave several issuesto considerat the
client andfor wirelesscommunicationwhich is our main
focusin this paperwe make someassumptionatthesener
end.We assumehesenerto beresource-richin thatthere
areno enegy limitationsthere,andmemoryis not a prob-
lem either (l.e. we assumeaequestscan be satis ed from
in-memoryindex structuresand data). Modeling I/O is-
suesandtheresultingthroughputatthe seneris partof our
future work, and our assumptiondiereare presumingthat
thereis sufcient locality in the execution(eitherfrom the
sameclient or acrossclients) that the dataand associated
mdex_node?etcachedn senermemory We believe that
relaxing suchassumptionsvould not signi cantly impact
the relative bene ts of the work-partitioningschemeshat
needto go to the sener for someinformationor the other,
andwe Intendto considersuchissuesin our future work.
We alsoassumehatthe seneris closeenoughto thewire-
lessaccesgoint/ basestationandthat the costsof getting
from the basestationto the sener arenot signi cant (one
couldltle)msmn relaxingsuchrestrictionsin futureresearch
aswell).
~ Consequenthall thatwe needto modelatthesenerend
is the performanceeyclesthat are expendedn performing
its portion of thegueryaftertherequeshasreacheda base
station.Sincewedonotneedene gsmulaﬂon,wedwectly
runthis coo!eusmgSlnijeSc.aIa[[J ], a popularsuperscalar
processosimulator with a differentsetof parameter$8]
thantheclient (to accounftor its highercomputatiorcapa-
bilities, speedand storagecapacities)andfeedthe result-
ing performancevalue backto the (SimplePaver + Wire-
lessNetwork) simulator This captureshe  portion of
theexecutionshovn in Figurel.

5.4 Workload and Simulation Parameters

We have usedtwo line sgmentdataset$rom the Tiger
databasgl5]: (a) PA containsl39006streetof four coun-
ties- Fulton, Franklin,BedfordandHuntingdon- in south-
ernPenns Imnia,takin?abouth.OG_MB in siz_e.(lg NYC
contains38778streetof New York City andUnion County
New Jersg, takingabout7.09MB.

The index structuretakes around3.56 MB for the PA
dataseaindaroundl MB for theNYC dataset.Theresults
in the paperarepresentedisingthe PA dataset.Thetrends
for theNYC datasetresimilar|8].

For thescenariavith adequatelientmemorywe usethe
resultsfrom 100 runsfor eachof the threekinds of queries
§P0|nt, RangeandNearesNeighbor). Eachrun usesa dif-
erentsetof query parameters.For the Point queries,we
randomlypick onéof theendpointsof line segmentsin the
datasetto composethe query For the NearestNeighbor
queries,we randomlyplacethe pointin the spatialextent
in eachof theruns. For the Rangequery the size(between
0.01%and1% of thespatialextent),aspectatio (0.25to 4)
andlocationof thequerywindowsis choserrandomlyfrom

the distribution of the dataseitself (i.e. a denserregionis
likely to have morequerywindows). Theresultspresented
arethe sumtotal over all 100 runs. The workloadgenera-
tion for theinsufcient clientmemoryscenarids discussed
laterin Section6.2.

In work partitioningschemesvherethe requiredinfor-
mation (dataor index nodes)needsto be available on the
mobileclient,we assumehatthisinformationcanbedown-
loadedfrom the sener (a onetime cost),;t))erhapjslen be-
fore theusergoeson theroadwith the mobile device.
~In our experiments the sener is assumedo have a 4-
issuesuperscalgorocessoclockedat1 GHz,with adequate
memoryto hold all of the datasetindindex thatareconsid-
ered.Theclientis modeledasa singleissueprocessqmwith
clockspeedshatarevariedasafractionof thesenerclock.
Thecon gurationchoseris representate of whatis found
todabyln cor_nmeruabffermgs_suchastheStrongARMSA—
1110[12] (in PocletPCs)which operatesat 133 and 206
MHz. Detailedcon gurationinformationof the sener and
theclientis givenin FS]. We considettwo distances 100m
andl Km - for thewirelesscommunicationwith commu-
nicationbandwidthsof 2, 4, 6, 8, 11 Mbps.

6 Experimental Results

6.1 AdequateMemory at Client

We rst considerthe scenariovherethe client hasade-
quatememoryto hold all of thedataseandindex if needed.
As is pointedout in Table1, evenin this scenariowe con-
sidersomesituationswherethe actualdataobjectsarenot
necessarilypresentandneedto be shippedfrom the sener
afterare nement.

6.1.1 Comparisonof SchemegAcrossQueries

Our rst setof resultsexaminesthe pros and consof the
work partitioningschemedor the threesetsof queriesthat
are considered.Figures3, 4 and5 comparethe schemes
for point, range,andnearesneighborqueriesrespectrely
with dlfferent_commun|catlorbandW|dﬂparameterﬁ)r the
PA datasetSincethe nearesheighborguerydoesnot have
separateltering andre nementsteps,the work partition-
ing basedon thesestepsare not considerechere, and we
consideronly the optionsof doing everythingat the sener
versusdoingeverythingat theclient. In theseexperiments,
the ratio of the client CPU speedsetto sener CPU speed

(C/S)is setto - andthetransmissiomistancds 1 Km.

Resultsareshavn in termsof the(a) enegy consumption
at the mobile client in the NIC during transmissior(NIC-
Tx), reception(NIC-Rx) andwhenidle (NIC-Idle) together
with theenegy consumptiorin the otherhardwarecompo-
nents(datapathelock, cachesbusesmemory)of theclient
thatareclubbediogethersProcessofwhile we have statis-
tics for eachcomponentwe do notexplicitly show this for
clarity); and(b) thetotalnumberof cyclesfrom thetimethe

ueryis submittedill theresultsaregivenback(in termsof
thetime spentby the processoexecutingits work, andthe
NIC in transmittingandreceving). In all thesegraphsthe
horizontalsolid line (thatmayappeato be missingin some
graphsbecausef its closenesso the x-axis) representthe
correspondingaluefor the”Fully atthe Client” scheme.

Point Queries: Let us rst examinethe resultsfor the
point queries(Figure 3). This gure comparesFully at
the Client” executionwith the enegy and performanceof



. (i) Fully at Sener (Figure 3(a), (ii) Filtering at Client,
Re nementat Sener |gurei_3(§_ )) with theindex available
on the client but the dataresidingat the sener (not avail-
ableat client), and (iii) Filtering at Sener, Re hementat
Client (Figure3(c)) with theindex anddataavailableon at
the sener (after Itering sener needsto sendactualdata
itemsfor re nementat client). The reasornwe do not ex-
plicitly shov theseschemesvith dataresidingat the client
optionis thatthis variationdoesnot give very differentre-
sults. Theselectvity of pointqueryis very small,andsend-
ing backthe dataitemsor just objectids doesnot alter the
resultingmessagsizefrom the sener signi cantly.

(a) Fully atthe Sener
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(b) Filtering at Client, Re nementat Sener
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(c) Filtering at Sener, Re nementat Client
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Figure 3. PointQueries.Comparingheschemesn terms
of enegy consumptioronthemobileclient,andtotal cycles
taken for the execution. The horizontalline indicatesthe
enegy andperformancef "Fully attheClient”. Thepro le
for enegy andcyclesis givenin termsof whatthe mobile
clientincursin the NIC (given separateljor transmission,
receptionandidle) andall otherhardwarecomponentshat
arebunchedogethersprocessor

In all theexecutiongor thepointquery we nd thatboth
the enegy consumptioraswell asthe executioncyclesare
dominatedy thecommunicatiorportion(especiallyby the
transmitterwhich hasbeenpointedout to be a big power
consumer)processocyclesor enegy arenot evenvisible
in thesegraphs. As the transmissiorbandwidthincreases,
bothenegy andcyclesdropsincetheNIC needgo beactive

for a shortertime andmessagesdo not take aslong. Even
at11Mbps,all theseschemegsonsumenuchhigherenegy
than doing all the computationlocally. The schemesare
muchworsethanfull client executionon the performance
sideaswell. Acrossthe threework partitioningschemes
thatemploy thesener, wedonot nd ary signi cant differ-
enceshetweerthemin termsof the eneg?/ or performance
behaiors. The reasorbehindtheseresultsis the fact that
the point queryis not ascomputationallyintense,andthe
selectvity is muchsmaller(not only after re nement, but
after Itering aswell in our experiments). Consequently
theexecution(andenepy) is dominatedy thecostof send-
ing therequesto the sener ratherthanby the computation
thatis performedbn eithersideor theamountof datathatis
transferredwhich usually ts in onepaclet). Onecanalso
obsere that the absolutecyclesand enegy consumedoy
the queryare muchsmallerthanthe correSpondingalues
for therangequerydiscussedhext.

(a) Fully atthe Sener
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(b) Filtering at Client, Re nementat Sener
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Figure 4. RangeQueries. The left barsfor (a) and (b)

arefor the casewheredataobjectsare not available at the
mobile clientandneedto be shippedrom sener, while the
right barsare for the casewheredataobjectsare already
availableontheclient.

RangeQueries:  Moving on to the rangequeryin Figure
4, we compare’Fully at the client” executionwith the: (i)
Fully atthesenercase(Figure4(a)),(ii) FilteringatClient,



Re nementat Sener casef_Figure4(b')__), andﬁiii) Filterin
at Sener, Re nementat Client case(Figure4(c)). For (3
and(|g_, thebarsontheleft for eachbandwidthin thecorre-
spondingenegy and performancegraphsshow the results
for thedataresidingonly ontheseneri.e., it is notavailable
ontheclient. Consequentiythe sener hasto sendbackthe
dataitemsaswell (which take mary morebytesthanjust
the objectids) after re nement. The barson the right in
thegraphsshaw thecorrespondingnegy andperformance
whenthedataitemsareavailableattheclient,in whichcase
thesener canjustsendobjectids.

Thereare several interestingobsenationsin the range
gueryresults:

We notethatwhile communications signi cant, asin
the point query the processoryclesandenegy cannotbe
discountedn all executions As theamountof computation
thatthe client performsincreasegit increasesswe move
from (i) to (ii) andto (iii) sincere nementis themosttime
consuming)theprocessocomponentsf cyclesandenegy
becomesdominating,especiallyat higher communication
bandwidths.

_ We nd_that keepingthe datalocally helpsa lot for
§|) and(ii). The bene ts are much more'apparenfor the
ully atthesenercasecomparedo theother sincetheper
centageof communicatiortime/enegy of the total execu-
tion/enegy is muchhigher We also nd thatthebene tsof
keepingdatalocally at the client savesmud more on per-
formancehanon ene?y. Thisoptimizationonly lowersthe
datareceptionat the client (from sener) anddoesnot alter
thetransmissiomf therequesto thesener. Sincethetrans-
mitter power is muchmoredominant,andis unafectedby
this optimization the savingsin enegy arenotasmuchas

thesavingsin cycles.

~Unlike the point querieswe nd thatwork partition-
ing doeshelprangequeries With reasonablevirelessband-
widths, we cansurpasghe enegy andperformanceof do-
ing everything at the client in mary cases. However, the
performanceand enegy measuesshowdifferent points of
opefating wirelessbandwidthat which the work partition-
ing schemeddo betterthan doing everythingat the client
In %eneralIheseschemestartdomg betterin performance
earlierthanin termsof enegy. Thisis becausehe enegy
costsof communicationaremuchmoreexpensve thanits
Berformance:osts,ar_\d oneneedsto go to a muchhigher

andwidthto offsetthis difference.

We alsonoticedifferencedetweertheschemesyhich
we did not nd in the point queries.We nd_the"fully at
thesener” executionoutperformingii) and(iii) in termsof
both enegy andcycles, especiallywhenthe datais stored
locally atthe client. Whenthe datais residentat the client,
thereis very little communicatiorbetweenthe client and
sener. In fact, this executlonoutperformslhe”fuIIK_ atthe
client” executionevenat2 Mbpsbandwidththoughit takes
over 6 Mbps beforeit becomesnoreenegy-efcient. Of
the othertwo, we nd againa very interestingsituation,
wherethe enegy and performancecriteria can pick differ-
entwinners. Let us examinethe caseswvherethe datais
availablelocally ontheclient. We nd thatthe” Itering at
client, re nementat sener” is more performanceef cient
than” ltering atsener, re nementat client”, andbeatsthe
cyclesof "fully at client” beyond 4 Mbps. On the other
hand,the corverseis truein termsof enegy. Theseresults
canbe explainedbasedon the factthatre nementis quite
computationallyintense,and of oading this to the faster
sener helpssa/e cycles. However, beforedoing this the
client hasto do the ltering andsendthe candidatesrom
Itering to the semr(%vhmh is not neededor (|||)Z]. This
malkesthetransmittednessagérom the clientmuchlarger,
andasmentionedoefore this consumesi lot of power (the

enegy pro les illustratethis).
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Figure 5. NearestNeighborQueries.

NearestNeighbor Queries: Sincewe do not have sepa-
rate Itering andre nementstepsin the processingf this
qguery we have only comparedthe "fully at sener” case
with the“fully at client” executionin Figure5. The selec-
tivity of thisqueryis againquite small,andwe have similar
obsenrations/resultasin the point qperles. Hereagain, it

makessensdo do everythingattheclientaslongaswe can
keepall of theindex anddataat its memor?/

We have alsostudiedtheimpactof theclient CPUspeed
andthe physicaldistancebetweenthe client and basesta-
tion. Overall,we nd thatafasterclientprocessoprovides
greaterperformancewith little impacton the enegy con-
sumption,asthe overall eneﬁ?/ consumptioris not signif-
icantly affectedby the non-NIC componentst the client.
In termsof the physicaldistancebetweerthe clientandthe
basestation,we nd thatwork partitioning schemeshat
usemoretransmissiompower aremuchmorecompetitve at
shorterdistancesThedetailedresultsfor theseaxperiments
canbefoundin [8].

6.2 Insuf cient Memory at Client

In the insufcient memory scenario,we considerthe
"fully atsener” andfully atclient” situations.In thelatter
schemethe client directsthe rst 8uerythat it getsto the
sener. The sener examinesits index basedon the query
andshipsbacka certainamountof dataandthecorrespond-
ing index (asexplainedearlier)to theclient, sothatthetotal
datashippeddoesnotexceedx, whichindicateslientmem-
ory availability. Subsequerqueriesto theclientcanpoten-
tially be satis edlocally if it falls within the spatialextent
for thedatathatit holds. Else,it throws away all the datait
has,andre-requestthe sener for new dataandindex. The
trade-of with this approactis to be ableto compensatéor
the additionalcostsof transferringthe dataandindex (and
thework thatthesenerdoesin selectinghesatems)to the
clientwhichis absentn the fully atsener” case However,
with sufcient spatialproximity in successie queries(one
canexpectsuchproximity in realworkloads)this extracost
canbeamortized.
~ Toexaminethisissuewe re asequencef queriesstart-
ing atsomerandompointin thespatialextent,anddirecting
the next set( ) of qtl)JerleS/ery closeto that(sothatit can
be satis ed locally by the client). We investigateat what
valuesof %eferredto asspatialproximit)p doesthe fully
atclient” schemestartreapingthebene tsfor rangequeries
in Figure6. Theinvestigationexamineghe effectsfor
1 MB and2 MB. . _ .

We canmale a coupleof interestingobsenations. We
notethatthe”fully atclient” executioncanbecomeenepy-
efcient beyond a certainnumberof local queries,com-
Raredto sendingthemall to the sener. This numbergets

igher(from 115to 200) aswe increasg¢heamountof data
thatis shippedrom thesener, whichreiterateshatwe need
a lot more proximity to offset the higher volume of data
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Figure 6. Insufcient Memoryat Client- RangeQuery

transfer However, the "fully at sener” is a clearwinner
acrossthe spectrumfor performance.The clientis much
slowerthanthe sener, andthis differenceovershadws ary
wirelesstransmissiortycle overheadshatmaybeincurred
otherwise. This is anothersituationwherewe nd enegy
and performancecriteria going againstead otherfor op-
timization The enegy costof wirelesscommunications
muchmore signi cant thanthe performancecost, leading
to this disparity

Theseresultssuggesthatit is importantto storealocal
copy of assmalla setof spatlalI¥1prOX|matedata|temsthat
theusermay needto save on bothenegy aswell asperfor
mance.

7 Summary of Resultsand Future Work

Enegy constraintsand performancegoalsare two im-
portantcriteria that one needsto keepin mind when de-
signingapplicationdor mobile systems.A previousstudy
[1] lookedat this issuefor the rst time by examiningspa-
tial dataindexing - thatcanbene t severalmobile/location-
awareapplications- from the enegy andperformancean-
gles. However, therewas a limitation in that study since
it wasassumedhatall the datais availableon the mobile
client and all operationsare directly performedon it. In
this paper we have addressedhis limitation by examining
differentwaysof implementing/partitioningpatialqueries
betweerthemobileclientandsener, andexaminingenegy
and performancebene ts, if ary, from theseapproaches.
By identifying a setof issuesandstratgiesthatneedto be
investigatedn partitioningthe work betweena client and
seneracrosawirelessnetwork, we hopeto provideamore
systematiavay of designingandimplementingapplications
for this ervironmentin a performanceandenepy ef cient
manner This effort is intendedto bethe rst steptowards
this goal, andthereare several issuesthat warrantfurther
investigation suchasexploiting parallelismandpipelining
andconsideratiorof otherspatialqueries.
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