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We describethe PetaByte-scaleomputingchallengesposedby the next generatiorof particle
physicsexperimentsdueto startoperationin 2005. The computingmodelsadoptedby the ex-
perimentscall for systemscapableof handlingsustainediataacquisitionratesof at least100
MBytes/secondnto an ObjectDatabasewhich will have to handleseveral PetaByteof accu-
mulateddataperyear The systemswill be usedto scheduleCPU intensive reconstructiorand
analysistaskson the highly complex physicsObjectdatawhich needthenbe senedto clients
locatedat universitiesandlaboratoriesvorldwide. We reporton measurementsith a prototype
systemthatmakesuseof a 256 CPUHP ExemplarX Classmachinerunningthe Objectvity/DB
database.Our resultsshav excellent scalability for up to 240 simultaneouslatabaselients,
andaggreatel/O ratesexceedingl 50 Mbytes/secondndicatingthe viability of the computing
models.

1 Introduction

The Large HadronCollider (LHC) is currentlyunderconstructionat the Europear_aboratory
for ParticlePhysican CERN,Genea, Switzerland.Dueto startoperationn 2005,the LHC will
collide particles(protons)at enegiesup to 14 TeV, the highestenegy collisionsyet achiesed.
Analysis of the collisionswill hopefully uncover the Higgs particle, which is believed to be
responsibldor giving all otherparticlestheir mass. Finding the Higgs, or proving thatit does
notexist, is currentlythe’Holy Grail’ of particlephysics.

Collisionsin the LHC are expectedto occur at a rate of about800 million per second. Of

thesemillions of events,only about100 (or 0.000000percentlareexpectedo revealthe Higgs

particle. The collisionstake placeinside massve detectorsywhosetaskis to identify andselect
thesecandidateaventsfor recording,a processcalled’ triggering’. Thetriggeringratein thetwo

mainLHC detectorss expectedo beapproximatelylO0Hz. Eachcandidatesventis comprised
of approximatelyl MByte of combineddatafrom the very mary sub-elementsf the detector
The'raw’ eventdatathusemepge from the detectors electronicdataacquisition(DAQ) system
atarateof around100MBytespersecond.

Theraw eventdataatthe LHC will amountto several PetaByteg10'® bytes)peryear eachyear
for theestimatedwentyyearlifetime of theexperiments Thedataarealreadyhighly compressed
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whenthey emege from the DAQ system,andthey mustbe storedin their entirety Fromthese
data,reconstructionsf physics'objects’, suchastracks,clustersandjetswill take placein near
real time on dedicatedprocessorfarmsof an estimatedl0” MIPS. The reconstructedbjects
will addabout200kBytesof extrainformationto eachevent. By thetime the LHC programme
reachesmaturity, projectionsindicatethat the total eventdatavolumewill bein excessof 100
PetaBytes.

Managingthis quantityof data,andmakingit availableto thelarge multinationalcommunityof
physicistsparticipatingin the CERN PhysicsProgrammeis an unprecedentedomputingchal-
lenge. It is a tenetof the communitythat physicistsworking at institutesremotefrom CERN
should enjoy the samelevel of accesdo the dataas their colleaguedocatedat CERN. This
imposegheconditiononthe LHC ComputingModelsthateitherthe databe continuouslytrans-
portedacrossthe network or that analysistasks(or queries)be moved as closeto the dataas
possible.In practice,rapid decisionson whetherto move the datain the network, or move the
task,have to bemade.

To tacklethe scaleandcompleity of the data,the currentlyfavouredtechnologiegor the LHC

ComputingModelsinclude ObjectOrientedsoftwareto supportthe datamodel,distributedOb-

ject Databasé&lanagemengystemgODBMS) to managehe persisteng of the physicsobjects,
and HierarchicalStorageManagemensystemso copewith the quantity of data,and support
accesgo 'hot’ and’cold’ eventdata.

The GIOD (Globally Interconnectedbject Databasesroject[2], ajoint effort betweenCal-
tech,CERNandHewlett PackardCorporationhasbeennvestigatingheuseof WAN-distributed
ObjectDatabaseandMassStoragesystemdor LHC data.We have beenusingseveralkey hard-
wareandsoftwaretechnologiegor ourtests,ncludinga 256 CPU CaltechHP Exemplarof 0.1
TIPS, the High PerformancestorageSystem(HPSS)from IBM, the Objectvity/DB ODBMS,
andvarioushigh speed.ocal AreaandWide Areanetworks. Oneparticularfocusof our work
hasbeenon measuringhe capabilityof the ObjectDatabasé¢o

e supporthundredof simultaneousglients
¢ allow readingandwriting at aggreyatedataratesof ¢, 100 MBytes/second
e scaleto thecompleity andsizeof the LHC data.

In this paper we reporton scalability testsof the Objectiity/DB objectdatabas¢3] madeon
the 256-processarP Exemplarlocatedat Caltechs Centerfor AdvancedComputingResearch.
Our testsfocusedon the behaiour of the aggregatethroughputasa function of the numberof
databaselients, undervariousrepresentatie workloads,and using realistic (simulated)LHC
eventdata

2 Testing platform and Object database

The scalabilitytestswere performedon the HP Exemplarmachineat Caltech,a 256 CPU SMP
machineof some0.1 TIPS.Themachineconsistof 16 nodeswhich areconnectedy a special-
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purposefastnetwork calleda CTI (seefigure 1). Eachnodecontainsl6 PA8000 processorand
one nodefile system. A nodefile systemconsistsof 4 diskswith 4-way striping, with a file
systemblock sizeof 64 KB anda maximumraw I/O rateof 22 MBytes/secondWe usedup to
240processorandupto 15 nodefile systemsn ourtests.We ensuredhatdatawasalwaysread
from disk, andnever from the file systemcache. An analysisof the raw 1/0 behaiour of the
Exemplarcanbefoundin [4].
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Figure 1: Configumation of the HP Exemplarat Caltech

The Exemplarrunsasingleoperatingsystemmage,andall nodefile systemsarevisible aslocal
UNIX file systemgo ary processunningon ary node. If the processandfile systemareon
differentnodes,datais transportecover the CTl. The CTl was never a bottleneckin the test
loadswe put onthe machine:it wasdesignedo supportsharedmemoryprogrammingandcan
easily achieve dataratesin the GBytes/secondange. As such,the Exemplarcan be thought
of asa farm of sixteen16-processotJNIX machineswith cross-mountedile systemsanda
semi-infinitecapacitynetwork. Thoughthe Exemplaris nota goodmodelfor currentUNIX or
PCfarms,wherenetwork capacityis a major constrainingactor it is perhapsa goodmodelfor
futurefarmswhich useGBytes/secondetworkslik e Myrinet [5] asaninterconnect.

The objectdatabaseaestedwasthe HP-UX versionof Objectivity/DB [3]. The Objectvity/DB
architecturecomprisesa 'federation’ of databasesAll databases the federationsharea com-
mon Objectschemeandareindexedin a mastercatalog.Eachdatabasés afile. Eachdatabase
containsoneor more’containers’. Eachcontaineris structuredasa setof 'pages’(of a unique
size) onto which the persistentobjectsare mapped. The databasean be accessedy clients
which areapplicationdinkedagainsthe Objectvity/DB librariesandthe databasechemdiles.
Clientaccesdo local databaseis achiezedvia thelocalfile system.Accesso remotedatabases
is madevia an’AdvancedMultithreadedSener’ which returnsdatabasgagesacrossthe net-
work to the client. Databasdocks are managedy a locksener process.Locks operateat the
databaseontainelevel.

We reporton two setsof tests,completedwith differentdatabaseonfigurationsand different
data.

3 Tests with synthetic data

Our first round of testsusedsyntheticevent datarepresenteds setsof 10 KByte objects. A
1 MByte eventthus becamea setof 100 objectsof 10 KB. Thoughnot realisticin termsof
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physics,this approachdoeshave the advantageof giving cleanerresultsby eliminating some
potentialsourcef complexity.

For thesetestswe usedObijectvity/DB v4.0.10. We placedall databaseelements(database
clients, databasdocksener, federationcatalogfile) on the Exemplaritself. Databaseclients
communicatedvith thelocksener via TCP/IPsoclets,but all traffic waslocal insidethe super
computer The federationcatalogandthe payloaddatawere accessetby the clientsthoughthe
ExemplarUNIX filesysteminterface.

Thetestloadsweregeneratedvith the TOPSframework [6] which runsontop of Objectuity.

Two thingsin the Objectvity architecturevereof particularconcern.First, Objectvity doesnot
supporta databaseagesize of 64 KB, it only supportssizesup to 64 KB minusa few bytes.
Thus,it doesnot matchwell to the nodefile systemswvhich have a block sizeof exactly 64 KB.
After someexperimentsve foundthata databas@agesizeof 32 KB wasthe bestcompromise,
sowe usedthatthroughouburtests.Secondthe Objectvity architecturaisesasinglelocksener
procesgo handleall locking operations.This locksener could becomea bottleneckwhenthe
numberof (lock requestdrom) clientsincreases.

3.1 Reconstruction test

In particlephysics,an’event’ occurswhentwo particlescollide insidea physicsdetector Event
reconstructions the processof computingphysicalinterpretationgreconstructedaiata)of the
raw eventdatameasuredby the detector

We have testedthe databaseinderan eventreconstructiorworkloadwith up to 240clients. In
this workload,eachclient runsa simulatedreconstructionob on its own setof events. For one
event,theactionsareasfollows:

e Reading:1 MB of 'raw’ datais read,as100objectsof 10 KB. The objectsarereadfrom
3 containers:50 from the first, 25 from the second,and 25 from the third. Insidethe
containersthe objectsareclusteredsequentiallyin thereadingorder

e Writing: 100KB of 'reconstructeddatais written,as10objectsof 10KB, to onecontainer

e Computation:2 * 10> MIPSs are spentper event (equivalentto 5 CPU secondson one
ExemplarCPU).

Reading,writing, and computingareinterleared with one another The datasizesarederived
from the CMS computingtechnicalproposal[1]. The proposalpredictsa computatiorntime of
2x10* MIPSsperevent. However, it alsopredictsthatCPUswill be100timesmorepowerful (in
MIPS per$) at LHC startupin 2005.We expectthatdiskswill only beafactor4 morepowerful
(in MBytes/secongber $) in 2005. In our testwe chosea computationtime of 2 * 10° MIPSs
pereventasacompromiseTheclusteringstratgy for theraw datais basedn[7]. Thedetector
is dividedinto threeseparatgartsanddatafrom eachpartare clusteredseparatelyn different
containersThis allows fasteraccesdor analysigaskswhich only requireneedsomepartsof the
detector Thedatabaséles aredividedoverfour Exemplamodefile systemswith thefederation
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catalogandthejournalfiles onafifth file system.n readingtheraw data,we usedtheread-ahead
optimisationdescribedn sectiord.
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Figure 2: Scalabilityof reconstructiorworkloads

Theresultsfrom ourtestsareshowvn in figure2. Thesolid curve shavstheaggreatethroughput
for the CMS reconstructiorworkloaddescribedabore. The aggreyatethroughput(andthusthe
numberof eventsreconstructegber second)scalesalmostlinearly with the numberof clients.
In the left part of the curve, 91% of the allocatedCPU resourcesare spentrunning actualre-
constructioncode. With 240 clients,83% of the allocatedCPU power (240 CPUs)is usedfor

physicscode,yielding an aggregatethroughputof 47 MBytes/second42 events/s) usingabout
0.1TIPS.

Thedashecturwein figure 2 shavs aworkloadwith thesame/O profile asdescribedabove, but
half asmuch computation. This curve shows a clear shift a from CPU-boundto a disk-bound
workloadat 160 clients. The maximumthroughputis 55 MBytes/secondyhich is 63% of the
maximumraw throughputof the four allocatednodefile systemg88 MBytes/second)Overall,
the disk efficiengy is lessgoodthanthe CPU efficiency. The mismatchbetweendatabasend
file systempagesizesdiscussedn section2 is oneobvious contrituting factorto this. In tests
with fewer clientson a platformwith a 16 KByte file systempagesize,we have seerhigherdisk
efficienciesfor similar workloads.



3.2 The read-ahead optimisation

Whenreadingraw datafrom the containeran the above reconstructiortests,we useda read-
aheadptimisationlayerbuilt into ourtestbed.Thelayertakestheform of aspecialisedterator
which causeshedatabas¢o readcontainersn burstsof 4 MByte (128pageshtatime. Without
thislayer, the (simulated)physicsapplicationwould producesinglepagereadsntersperseavith
computation.Testshave shavn thatsuchlessburstyreadingleadsto alossof 1/0O performance.

In [7] we discussed/O performancdestsfor a singleclientiteratingthroughmary containers,
with andwithout the read-aheadptimisation. Here,we will considerthe caseof N clientsall
iteratingthroughN containerswith eachclient accessingne containeronly. The computation
in eachclientis again2 * 10> MIPSsper Megabyteread. Containersareplacedin databaseen
two nodefile systemsyhich have a combinedraw throughputof 44 MBytes/second.
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Figure 3: Performanceof manyclientsall performingsequentiareadingon a con-
tainer

Figure 3 shaws that without the read-aheaadptimisation,the workload becomesdisk-bound
fairly quickly, at 64 clients. Apparently alot of time is lost in disk seeksbetweerthe different
containersin thistest,thelack of aread-aheadptimisationdegradeshe maximuml/O perfor

mancewith afactorof two. Becausef theresultsin [7], we expectthatthe performancevould

have beendegradedeven morein the reconstructiortestof section3, whereeachclient reads
from threecontainers.



3.3 DAQ test

In this test,eachclientis writing a streamof 10 KByte objectsto its own container For every
event (1 MByte raw data)written, about180 MIPSs (0.45 CPU secondn the Exemplar)are
spentin simulateddataformatting. For comparison0.20 CPU secondsarespentby Objectvity
in objectcreationandwriting, andthe operatingsystemspends.01 CPU secondgoer event.
No readoperationson flat files or network readsare doneby the clients. The databasdiles are
divided over eightnodefile systemswith the federationcatalogandthe journalfiles on a ninth
file system.
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Figure 4: Scalabilityof a DAQ workload
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Thetestresultsareshown in figure 4. Again we seea transitionfrom a CPU-boundo a disk-
boundworkload. The highestthroughputis 145 MBytes/seconat 144 clients,which is 82% of
themaximumraw throughputof the eightallocatednodefile systemg176 MBytes/second).

In workloadsabove 100clients,whenthenodefile systemdbecomesaturatedvith write requests,
thesefile systemsshov somesurprisingbehaiour. It cantake very long, several minutes,to
performbasicoperationdik e syncinga file (which is doneby the databasevhencommittinga
transaction)r creatinga new (databaselile. We believe thisis dueto the appearancef long
file systemwrite request’queuesn the operatingsystem. During the test, otherfile systems
not saturatedvith write requeststill behae asusual.We concludefrom this thatoneshouldbe
carefulin saturatindile systemswith write requestsunexpectedong slovdownsmayoccut
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Figure 5: Clientstartupin the 1 = 10> MIPSsreconstructionest

3.4 Client startup

We measuredhe scalabilityof client startuptimesthroughouburtests.We foundthatthe client
startuptime depend®nthe numberof clientsalreadyrunningandonthe numberof clientsbeing
startedatthesametime. It dependsnuchlessonthe databas&vorkload,atleastif thefederation
catalogand journal files are placedon a file systemthatis not heaily loaded. With heavily
loadedcatalogandjournalfile systemsstartuptimesof mary minuteshave beenobsened.

Figure5 shavs a startuptime profile typical for our testworkloads.Here,new clientsarestarted
in batcheof 16. For client number240,the time neededo openthe databasandinitialise the
first databaséransactionis about20 seconds.The client thenopensfour containerglocatedin
threedifferentdatabasdiles), readssomeindexing datastructuresandinitialisesits reconstruc-
tion loop. Some60 secondsfter startup,the first raw dataobjectis read. If asinglenew client
number241is startedby itself, openingthe databas@andinitialising the transactiortakessome
5 seconds.

4 Tests with real physics data

Our secondroundof testswrote realisticphysicseventdatainto the databaseThesedatawere
generatedrom a pool of aroundonemillion fully simulatedLHC multi-jet QCD events(figure



6). The simulatedeventswereusedto populatethe Objectvity databas@ccordingto anobject
schemehatfully implementedhe comple relationshipsbetweerthe component®f theevents.
Theaveragesizeof theeventsusedin thetestswas260KB.
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Figure 6: A typical eventwith its tracks, detectorspacepointsandenegy clustess

In thesetestswe usedObjectvity/DB v5.0. Only the databaselientsandthe payloaddatabase
files werelocatedon the Exemplarsystem.The locksener wasrun on an HP workstationcon-
nectedto the Exemplarvia a LAN. The databaselientscontactedhe locksener over TCP/IP
connections.The federationcatalogwas placedon a C200 HP workstation,connectedo the
ExemplaroveradedicatedATM link (155 Mbits/second).Theclientsaccessethe catalogover
TCP/IPconnectiongo the Objectvity/DB AMS sener, which ranon the C200workstation.

Theeventdatain thesetestswerewritten usingthe softwaredevelopedin the GIOD project[2].

Eachdatabaselient first read 12 eventsinto memory thenwrote themout repeatedlyinto its
own dedicateddatabasdile. Oncethe databasdile reached sizeof about600 MBytes, it was
closedanddeletedby theclient. Thentheclient createdandfilled a newv databaséile. Thiswas
arrangedo avoid exhaustingfile systemspaceduringthetests.In areal DAQ system periodic
switchesto new databasdiles would alsooccut whilst retainingthe old databaséiles.



Databasdiles wereevenly distributedover 15 nodefile systemsnthe Exemplar Of thesenode
file systemsten contain4 disksareratedat 22 Mbytes/secondaw, the remainingfive contain
fewer disksandachieve a lower throughput. The 15 nodefilesystemsusedcontain49 disksin
total.

We usedtwo differentdatamodelsfor the eventdatato be written:

¢ In one setof tests,we wrote datain the 'GIOD datamodel’ which is the datamodel
developedin the GIOD project[2]. In this datamodel,a raw eventconsistsof 6 objects,
eachof theseobjectsplacedin a differentObjectivity containerin the samedatabasdile,
andwith objectassociationglinks) betweertheseobjects. The objectsin the GIOD data
modelareshavnin figure7.

Top level event object

Object association (link)

Top level raw event object

—— 4 objects containing detector hitmaps

Figure 7: Objectsandtheir relationsin the GIOD datamodel

¢ Werananothersetof teststo quantify the overheadsssociatedavith the GIOD eventdata
model. Thesetestsuseda simpler’l—containerdatamodel’, in which all 6 objectsin
the GIOD raw eventwerewritten to a singlecontainey without objectassociation®eing
created.

4.1 Testresults

We rantestswith 15, 30, and 45 databaselientswriting eventsconcurrentlyto the federated
databaseyith thetwo differentdatamodelsdiscusse@bove. Figure8 shaovsthetestresults.The

1-containedatamodelshows a bestaggregatethroughputrate of 172 MBytes/secondreached
with 45 runningclients. With the GIOD datamodelarateof 154 MBytes/secondvasachieved

whenrunningwith 30 clients. We notethatthe overheadassociatedavith the GIOD modelevent

structureis not significant.

4.2 Analysis of the scaling limit in figure 8

In theearliertestswith syntheticdata(section3), thescalingcurvesflattenout, whenmoreclients
areaddedpecaus®f limits to theavailabledisk bandwidthon the Exemplar In therealphysics
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Figure 8: DAQ testswith real physicsdata

datatestsof figure 8, the curvesflattenout beforethe available disk bandwidthis saturated.In
this casewe foundthatanaccesdottlenecko thefederationcatalogfile wasthelimiting factor

In the testsof figure 8, the catalodfile is locatedremotelyon a C200workstationconnectedo

the Exemplarwith an ATM link. A client needsto accesghe catalogfile whenever it createsa
new databaseandwheneer it deletesa databasafter closingit on reachingthe 600 MB limit

discussedabove. Throughoutour tests,we found that no more thanabout18 pairs of 'delete
andcreatenew databaseactionscouldbe performedevery minute. This wasirrespectve of the
numberof clientsrunning: in relatedtestswe ranwith up to 75 clients,andobseredthatonly
about30 to 45 clients were actively writing to the databaset the sametime. All remaining
clientswerebusywaiting for their turn to accesshe remotecatalodfile.

Thebottleneckin accesdo theremotecatalogdfile wascausedy a saturatiorof the singleCPU

on the C200 workstationholding the catalog. The AMS sener processon the C200, which

provided remoteaccesdo the catalogfile, usedonly somel0-20%of the available CPU time.

Theremaindernof the CPUtime wasspentin kernelmode,thoughwe arenot sureon what. The

dedicatedATM link betweenthe C200workstationandthe Exemplarwasnot saturatediuring

our tests:peakobsenedthroughputsverel.2 MBytes/secondyell below its 155 Mbits/second
capacity Most (80%) of the ATM traffic wastowardsthe Exemplarsystemconsistentvith the

databaselientsreadingmary index pagedrom the catalogfile, andupdatingonly afew.

An obvious way to improve on the scalinglimit is to createlarger databasdiles, or to put the
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catalodfile locally onthe Exemplarsystemaswasdonein thetestswith syntheticdata(section
3). Anotheroptionis to createa large numberof emptydatabaséiles in adwance.

5 The lockserver

Thelocksener, whetherrun remotelyor locally onthe Exemplar wasnot a bottleneckin arny of
our tests.Froma studyof locksener behaiour underartificial databasevorkloadswith a high
rateof locking, we estimatethatlocksener communicatiormay becomea bottleneckin a DAQ
scenaricabove 1000MBytes/second.

6 Conclusions

In the first seriesof tests,with all componentsf the Objectvity/DB systemlocatedon the
Exemplar we obsenedalmostidealscalability up to 240clients,undersyntheticphysicsrecon-
structionand DAQ workloads. The utilisation of allocatedCPU resourcesn the Exemplaris
excellent,with reasonablé¢o goodutilisationof allocateddisk resourceslt shouldbe notedthat
the Exemplarhasa very fastinternalnetwork.

In thesecondseriesnf teststhedatabaselientswerelocatedonthe Exemplar andtheObjectvity
locksener, AMS andcatalogwerelocatedremotely In this configurationthe systemachieved
aggreyatewrite ratesinto the databasef morethan170 MBytes/secondThis exceedshe 100
MBytes/secondequiredby the DAQ systemf thetwo main LHC experiments.

Ourmeasurementsonfirmtheviability of usingcommercialObjectDatabasé&lanagemengys-
temsfor large scaleparticlephysicsdatastorageandanalysis.
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