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Abstract

This documentgivesa comprehensiveoverview of thedatagrid systemthatCMS intendsto operate
aroundDecember2003.This CMS datagrid systemwill supportbothCMS productionandanalysis
andwill seamlesslytie togetherresourcesat CERNandat internationalCMSregionalcenters.

This documentfocuseson therelationbetweentheCMS softwarecomponentsandthegrid software
componentsoperatinginside the 2003CMS datagrid system. In addition, the documentincludes
overview andreferencematerialto introducethemembersof thegrid projects(GriPhyN,PPDG,and
theEU DataGrid)to theCMSdatahandlingenvironment.

Thisdocumentcontainsasnapshot, takenin 2001,of thevisionthatCMShasof theintendedsoftware
capabilitiesof its productiondatagrid systemin 2003,andthe expectedscalingtowards2007. To
capturetheexpectedlevel of complexity, the vision is sometimesworkedout to considerabledetail,
even thoughsomeof thesedetailsare likely to be adjustedin future. Thoughthe vision captured
in this documentwill likely evolve, this documentdoesyield the currentrequirementsfor the grid
projectsthatCMS is involvedin asa ‘customer’,therequirementsfor thegrid componentswhich are
to becreatedfrom now until theendof 2003.ThemajorCMS softwaremilestonesaffectingthegrid
projectsarethe ‘delivery of baselinecoresoftware’ milestonefor December2002,this includesthe
choiceandintegrationof grid componentsinto the baselinesoftware,andthe ‘20% datachallenge’
milestone,for which thework startsin January2004with milestonecompletionin December2004.
The20%datachallengeincludesthe full rangeof distributedoperationsrequiredfor theanalysisof
CMSdataunderrealisticconditionsasoccurringduringLHC operationfrom 2006onwards.

Theprimaryaudiencefor this documentaretheparticipantsin thegrid projectsthatCMS is involved
in.
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TheComputingModel representsthe architecture of a systemof four inter-
connectedresources:computingandnetworkhardware; data; software; and
people. Thesemustfunctioneffectivelyin the context of more than a billion
physicseventsper year, more thana thousandphysicistslocatedat over one
hundred institutes,with a detectorand physicscomplexity unprecedentedin
High EnergyPhysics.

– From the executive summaryof the CMS computing
technicalproposal,December1996[8].

1 Introduction: how to use this document

Theprimaryaudiencefor this documentaretheparticipantsin thegrid projects(GriPhyN[1], PPDG[2], andthe
EU DataGrid[3]) thatCMS[4] is involvedin. Partsof this documentwill alsobeusefulto CMS physiciststo get
anoverview of theexpectedcapabilitiesandlimitationsof theCMSdatagrid system.

Thisdocumentcanbereadasacomprehensiveoverview of theCMSdatagrid systemrequirements,but it canalso
beusedasa referenceguide. Becauseof this dualpurpose,thedocumentconsistsof moreor lessself-contained
sections,whichcanbereadpartiallyandin any order.

Note to computer scientists: It will be usefulto readsection2 first asan introductionto CMS andits physics.
Much of thematerialin section2 appliesalsoto otherhigh energy physicsexperiments.Theterminologysection
7 mightbeusefulasa referencewhile readingotherpartsof thisdocument.

Note to CMS physicists: Section2 canbeskippedon first reading.It might beusefulto readsection7.2 first as
anintroductionto grid terminology. Thisdocumentusessometermswhicharedifferentfrom thosenormallyused
internallyin CMS.Specifically:

UsualCMSterm Thisdocument
Object Dataproduct
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2 Brief overview of CMS and its physics

2.1 CMS

TheCMS experimentis a high energy physicsexperimentlocatedat CERN,thatwill startdatatakingin theyear
2006.TheCMSdetector(Figure1) is oneof thetwo generalpurposedetectorsof theLHC accelerator. It is being
designedandbuilt, andwill beused,by aworld-widecollaboration,theCMScollaboration,thatcurrentlyconsists
of some1800scientistsin 144institutes,dividedover31 countries.

Figure1: TheCMSdetector(cutoutview).

Proton-proton collision
point in center of detector

Low-energy tracks
curl in magnetic field

Energy deposits
from calorimeter
showersTrack from a

high-energy
particle

Figure2: A CMSevent(simulationat low luminosity).

In future operation,a large numberof particlebunches,eachcontainingsome 
��
�
�

protons,circulateinsidethe
LHC accelerator. At a rateof 40,000,000timesper second,the LHC acceleratorlets two bunchesof particles
comingfrom oppositedirectionscrossthrougheachotherinsidetheCMSdetector. In everybunchcrossingin the
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Figure3: TheCMSonlineandofflinesystemsandtheir environment.

detector, on average20 collisionsoccurbetweentwo protonsfrom oppositebunches.The collision phenomena
that occurduring a singlebunchcrossingarecalledan event. Figure2 shows an exampleof an event,with the
collision productsemanatingfrom thecollision point. Note that thepictureof thecollision productsis complex,
andrepresentsa lot of information: CMS has15 million individual detectorchannels.Themeasurementsof the
event,doneby thedetectorelementsin theCMS detector, arecalledthe raw data. Thesizeof theraw datafor a
singleCMSeventvariesaround1 MB.

CMS hasthe high event rate of 40,000,000eventsper secondbecause,like in many high energy physicsex-
periments,the most importantphenomenathat the physicistswant to observe will occurwith only a very low
probability in any singleevent. Of the40,000,000eventsin a second,some100areselectedfor storageandlater
analysis. This selectionis donewith a fast real-timefiltering system(figure 3). The raw detectordataof each
selectedevent is storedasa setof ’dataproducts’. In this document,the term data product is usedfor a small
self-containedpieceof data. In CMS terminology(section7), dataproductsareusuallycalled‘objects’. As the
word ‘object’ is heavily overloadedwetried to avoid it in this document.

Dataanalysisis doneby CMSphysicistsworkingaroundtheworld. The1 MB raw eventdatafor eacheventis not
analyzeddirectly. Instead,for every storedraw event,a numberof summarydataproductscalledreconstructed
dataproductsarecomputed.

RA_1

RB_1

RA_2

RB_2

ESDv1_1 AODv5_1

AODv5_2

TAGV2_1

TAGV2_2

ESDv2_1

ESDv1_2
AODv7_2

DPDV3_2ESDv2_2

Raw data products

...... ...... ......

Reconstructed data products

Event 2
for

Event 1
for

The labels like ‘ESDv2_2’ in this picture are only a simplified
approximation of the expected product naming scheme.

Figure4: Differentraw andreconstructeddataproductsthatexist at somepoint in timefor two events.
Each event has a fixed numberof raw data products,but a variable numberof reconstructeddata
products.

Figure4 showsthedifferentdataproductvaluesthatmayexist atonemomentin timefor two differentevents.For
eachevent, the reconstructedproductvalueshave beencomputed,in someway, from the valuesof the raw data
productsof theseevents.Reconstructeddataproductsrangein sizefrom a 500KB full reconstructedtracksdata
productto a 1 KB tagdataproduct.

Collectionsof reconstructeddataproductswill be replicatedwidely, dependingon needsand capacities. The
original raw datawill staymostly in CERN’s centraltertiarystoragesystem,thoughsomeof it maybereplicated
also. Tertiarystoragewill likely bea robotic tapestore,thoughmaybeby 2006someotherbulk storagemedium
(DVD?) will have replacedtape.Dueto theslownessof randomdataaccesson taperobots,theaccessto raw data
will likely beseverelylimited.

2.2 Physics analysis

By studyingthe momenta,directions,andotherpropertiesof the collision productsin the event, physicistscan
identify particlesandlearnmoreabouttheexactnatureof theparticlesandforcesthatwereinvolvedin thecolli-
sion.

Oneof theprimeobjectivesof CMS is to confirmtheexistenceof a particlecalledtheHiggsboson,which is the
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origin of mass.In theframework of theStandardModel of particlephysics,particlesacquiremassthroughtheir
interactionwith theHiggsfield. This impliestheexistenceof anew particle:theHiggsbosonH � . Thetheorydoes
not predictthemassof theHiggsboson.CMS hasbeenoptimizedto discover theHiggsin thefull expectedmass
range0.08TeV � M ��� 1 TeV.

It is predictedthata Higgsbosondecaysalmostimmediatelyaftercreationandcannotbeobserveddirectly. One
possibleway that a Higgs bosonis predictedto decayis into two Z bosonswhich then further decayinto two
chargedleptonseach.Therefore,oneway in whichaHiggsbosonanalysiseffort canstartis by isolatingthesetof
eventsin which four chargedleptonswereproduced.Not all eventsin this setcorrespondto thedecayof a Higgs
boson:therearemany otherphysicsprocessesthatalsoproducechargedleptons.Therefore,subsequentisolation
stepsareneeded,in whichbackgroundevents,in which theleptonswerenotproducedby adecayingHiggsboson,
areeliminatedasmuchaspossible.Backgroundeventscanbe identifiedby looking at otherobservablesin the
eventdatalike thenon-leptonparticlesthatwereproduced,or at themomentaof theparticlesthatleft thecollision
point. Onceenoughbackgroundeventshave beeneliminated,someimportantpropertiesof theHiggsbosoncan
bedeterminedby doingastatisticalanalysison theremainingevents.

The datareductionfactor in this type of CMS physicsanalysisis enormous. The final event set in the above
examplemay containonly a few hundredsof events,selectedfrom the ����
��

���
events( 
��

���
collisions) that

occurredin oneyear in the CMS detector. This givesa datareductionfactorof about1 in 
��
���

. Much of this
reductionhappensin theonlinesystem(figure3) beforeany datais stored,theresthappensin a moreinteractive
way, usingtheCMSoffline system.

Physicsanalysison theoffline systemis aniterative,collaborativeprocess,in which subsequentversionsof event
featureextractionalgorithmsandeventselectionfunctionsarerefineduntil their effectsarewell-understood.The
grid jobsrun duringthis processcanbecomparedto thecompile-and-runstepsin iterativesoftwaredevelopment.
The grid job ‘locate the Higgs eventsandcalculatethe Higgs massfrom them’ is highly atypical: it is the final
job at the endof a long analysiseffort. A muchmoretypical job run by an individual physicistin an analysis
effort is: ‘run this next versionof thesystemI amdevelopingto locatetheHiggsevents,andcreateaplot of these
parametersthatI will useto determinethepropertiesof this version’.Anothertypical classof grid resourceusage
is not initiated by individual physicists,but by systemoperatorson behalfof a larger group. A typical system
operatorcommandto thegrid is: ‘now that thenew versionof this standardevent featureextractionalgorithmof
this physicsgroupis finished,run thealgorithmover this largesetof eventsandstoretheresultsfor quick access
by everybodyin thatgroup’. Workloadcharacteristicsarediscussedfurtherin section4.9.4.

2.3 Data handling problems and opportunities

Thenatureof physicsanalysisimpliesseveralproblemsandopportunitiesfor physicsdatahandlingsystemslike
the CMS datagrid. Theseproblemsandopportunitieshave beenextensively studiedin the RD45 projectand
elsewhere[30] [22] [23] [12] [26] [15] [25] [21] [27] [28] [16] [20]. Someof themainpointsareasfollows.

� Datavolumesarehuge,but thesizeof anindividualdataproductis relatively small(1 KB-1MB).
� Workloadsaredominatedby reading.
� Given a sufficiently powerful andpervasive versioningmechanism,many setsof dataproductvaluescan

betreatedasread-onlyaftercreation.This makesdatareplicationmuchmoretractablethanin many other
applicationareas.

� Thestepwiserefinementof algorithmsandeventselectionfunctionsleadsto aworkloadprofilewhereseries
of jobsarerunoverexactly thesameinputdataset,with eachjob in theseriescontainingthenext refinedver-
sionof thecodeor of someparameter. Sothereareobviousopportunitiesfor thecaching-typeoptimizations
whendeliveringinputdatasetsto subsequentjobs.

� Becauseof the large datareductionfactor in several importanttypesof CMS physicsanalysis,the input
datasetsin suchanalysiseffortswill representverysparsesubsetsof thesetof eventsoveraperiodof detector
running.Thesparsenessincreasesasananalysiseffort progresses.Thishasimportantconsequencesfor data
handling.In particular, asystemthatusesafixedpartitioningof dataproductvaluesoverlargefiles,andthen
stagesall dataneededby a job by stagingcompletelyall thelargefiles containingtheneededdataproducts,
will be too inefficient. To achieve thedesiredefficiency for theCMS workload,it is necessaryto perform
actionslike copying a sparsesubsetof thedataproductvaluesin somefiles into new files [15] [21]. For the
foreseeablefuture,thebaselineapproachto thesecopying operationsis thatthey areperformedmanuallyby
CMSusersor areinitiatedby CMSsoftwarecomponents.
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3 CMS offline hardware and software systems

To placetheCMSdatagrid systemandthegrid projectrequirementsin context, thissectiongivesabrief overview
of themajorCMS hardwareandsoftwaresystemswhich togetherform theCMS offline system.Figure3 shows
therelationbetweenthewholeCMSoffline systemandotherCMSsystems.

3.1 Hardware systems

TheCMS offline hardwarewill consistof computerinstallationsarrangedin a hierarchicalstructureasshown in
figure5. Thisfigurewasadaptedfrom [10]. In year2007,theoffline hardwareconsistsof alargecentralcomputing
facility at CERN,at tier 0, five ‘regionalcenters’at tier 1, andabout25 still smallercentersat tier 2. Below that,
thereareinstituteserversat tier 3 andphysicist’sdesktopworkstationsat tier 4. At themomentof writing, only a
handfulof sitesareperformingCMS regionalcentertasks.Goingtowards2007,thenumberof deployedcenters
will slowly increase[13].

Section4.9.2hassomenumericdetailson theCMShardware.

Data grid boundary

Figure5: CMShardware installationsandnetworklinks (for 2007)

Around2003,only someof the centersin figure5 will alreadybe in operation:the expectednumberis about2
tier 1 centersand6 tier 2 centers[13]. Thescalabilityrequirementsfor thegrid componentsdeliveredto CMS by
theendof 2003aredrivenby the 20%datachallengemilestoneeffort in 2004: the componentsneedto scaleto
supportingahardwareconfigurationthathas20%of theprojected2007capacity. Thetestbedconfigurationfor the
datachallengewill exploit severalsharedresourcesin additionto theCMS-operatedtier centers.

As a baselinerequirement,the CMS datagrid systemneedonly useandmanagesystemresourcesin tiers 0, 1,
and2. Not all of theresourcesin thesetierswill bemanagedandusedby thedatagrid system.Thetier 0–2site
resourcesarecommonto thewholeCMS collaboration.The tier 0–2sitesareassumedto beadministratedwell
enoughthatany CMS physicistwill trust thatany datastoredon thesesitesis labeledcorrectly, andwill remain
labeledcorrectlywhenupdated.Thereis alsotrust thatall certifiedCMS softwareis installedcorrectlyon these
sites,andthatthissoftwarewill reliably run to producetherequestedresult.Fromatruststandpointall thesesites
areinterchangeable,sothattheCMSdatagrid systemschedulersto notneedto taketrustissuesinto accountwhen
decidingbetweentier 0–2sites.Thetier 3 and4 siteson theotherhandarededicatedto a few usersor to a single
user:thesewill in generallybetrustedonly by specificusersto performsomespecifictaskscorrectly. Useof the
tier 3–4sitesascommonresourcesis outsidethescopeof thebaselineCMS datagrid system.However the tier
3–4siteswill beusedto run physicsanalysistools thatwill interactwith theCMS datagrid system,for example
by submittingjobsto it, or by exportingdatafrom it.
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3.2 Software systems

Seenfrom thehighestlevel, theCMSexperimenthasa long dataprocessingchainthatgoesfrom detectorsignals
all the way to plots in publications.The chainis not static,but the elementsof it aredevelopedandrefinedby
physicistsover time. Severalsoftwaresystemsareinvolvedin handlingthewholechain. An importantquestion
is whereexactly the boundariesbetweenthesesoftwaresystemsshouldlie. This documentgivesthe following
baselineanswerfor theboundariesof theCMS datagrid system.TheCMS datagrid systemhandlesthemiddle
partof theCMS dataprocessingchain,from thepoint whenraw dataflows out of theonlinesystemto thepoint
whenthe intermediateresultsbecomesmall enoughto be storedandhandledby conventionaltier 3–4 systems
(figure 5). In physicsdatatermsthis latter boundaryis the point wherethings like ntuples, tags, DPDs, and
histogramsappear. Theproposedboundarieslimit thecomplexity of theinteractionsthatneedto besupportedby
theCMS datagrid system,andyield fairly narrow interfacesbetweenthegrid componentsin this systemandthe
restof theCMSsoftware.

Thesearethemaindifferentoffline softwaresystemsthatCMSintendsto operate.All of thesecombineCMSand
non-CMSsoftwarecomponents.

The CMS data grid systemwill supportboth CMS productionand analysisand will seamlesslytie together
resourcesin thetiers0–2.TheCMSdatagrid systemis themostimportantsystemfor thegrid projects(GriPhyN,
PPDG,andthe EU DataGrid)in which CMS is involved. WhereassomeotherCMS softwaresystemswill also
usegrid technology, theCMS datagrid systemcontainsthegrid componentsthat shouldbe targetedby thegrid
projectsfor whichCMS is a ‘customer’.

Theend-userphysicsanalysistoolsarethesoftwaresystemsthattheaveragephysicistspendsmosttimeinteract-
ing with. Thesetoolsrun on tier 3 and4 systems,andareinstalledandmaintainedby local systemadministrators
or by the endusersthemselves. Mobile computingdevicesforming a ‘tier 5’ might alsorun analysistools with
a limited functionality. Suchtier 5 devicesmight alsorun lightweight analysisclients that connectto analysis
serversrunningon tier 3 and4 systems.Thephysicsanalysistoolsareusedfor theinteractiveanalysison limited
amountsof physicsdata(storedlocally), with interactivecycle timesin thesecond–hourrange.Thesetoolsmight
alsosupportadvancedvisualizationandGUI functions. Becausephysicistsspendmuchof their time interacting
with end-usedphysicsanalysistools,thesetoolsareto physicistswhattext editorsareto programmers:peopleget
very usedto doing thingsin a specificway with a specifictool, andtendto resista forcedswitchto anothertool.
Somepeopleprefertoolswith GUIsbasedinterfaces,othersprefercommandline or EMACS-styleinterfaces,and
debatesaboutwhich tool is bestarevigorous.It is unclearat themomentwhethertheCMS physicistswill all use
the samemonolithic analysistool in 2003,will all usea singlestandardizedsetof analysistools, or will all use
differentbut overlappingsetsof analysistools. In thebaselinevision of this document,physicistswill generally
interactwith theCMS datagrid systemvia special-purposemodulesin their analysistools,therebyobtainingthe
userinterfacethey like best.Thesemoduleswill in turn interactwith thegrid via a standard,narrow interface.

The CMS idle CPU scavenger grid is a grid softwaresystemwhich is separatefrom the datagrid. The main
purposeof the idle CPU scavengergrid is to make useof any otherwiseidle computepower in CMS tier 3–
4 systemsand the CMS detectoronline computefarm. Otherwiseidle computepower in the tiers 0–2 might
alsobe absorbedby the CMS CPU scavengergrid. The usecasethat underliesthe CMS idle CPU scavenger
grid, absorbingotherwiseidle computepower, existswidely in thegrid community, soit is expectedthatnoLHC-
specificgrid softwaredevelopmentneedsto bedoneby thegrid projects,in orderfor CMSto successfullybuild and
deploy its futureCPUscavengergrid system.At thetime of writing, CMS hasnot yet deployeda comprehensive
idle CPUscavengergrid systemon its tier 3–4resources.Comparedto theCMS executablesrunningin theCMS
datagrid system,the executablesrunningin the CPUscavengergrid will be written to bemuchlessdemanding
in termsof the facilities offeredby their executionplatform. In particularthe executableswill do all their I/O
in termsof local files, will not requirelarge input datasets,andwill not requireaccessto ‘grid-wide’ metadata
repositoriesor otherservices.Theseexecutableswill beupgradedinfrequently, maybeevery few months,andcan
bedistributedin the form of self-containedauto-installingpackages.TheCMS CPU scavengergrid will mainly
run detectorsimulationcodes,whoseoutputwill beuploadedat regular intervalsinto theCMS datagrid system.
TheCPUscavengergrid will not beableto run all CMS detectorsimulationcodes:many of thesewill needthe
morepowerful servicesofferedby theCMSdatagrid systemto execute.
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4 The CMS data grid system

This sectiondescribesthe CMS datagrid systemthat CMS intendsto operatearoundDecember2003,andthe
expectedscalingtowards2007. To capturetheexpectedlevel of complexity, thevision is sometimesworkedout
to considerabledetail,eventhoughsomeof thesedetailsarelikely to beadjustedin future.

4.1 Software components in the CMS data grid system

TheCMS datagrid systemcontainsa largenumberof softwarecomponentsfrom differentsources.

1. Thesystemcontainsgenericoff-the shelfcomponents, likeoperatingsystemsystemsandInternetprotocol
stacks.

2. The systemcontainscommercial software componentsselectedby CMS, for examplea commercial
databasecomponent.

3. Thesystemcontainsgenericgrid components, asmaybestandardizedby theGlobalGrid Forum(GGF),
andascurrentlyproducedby projectslike Globus[31] andCondor[32]. While theCMS datagrid system
relies on suchgenericgrid components,it is not the primary role of the GriPhyN, PPDG,and the EU
DataGridto developsuchgenericgrid components.

4. The systemcontainsdata grid componentsproducedby the grid projects,GriPhyN,PPDG,andthe EU
DataGrid,for which CMS is a ‘customer’. Thesecomponentsaremorespecificallydevotedto the data-
intensivescienceapplicationrequirementsof high energy physicsandof theothergrid projectcustomers.

CMS itself might alsoproducesomedatagrid components.It shouldbe notedhowever that, in termsof
manpoweranddeliverables,theCMS grid componentimplementationeffort will besmallcomparedto the
efforts of thegrid projectsin this layer. Most of thegrid-relatedmanpower thatCMS hasavailablewill be
devotedto interactingwith the grid projectsasa customer, to work towardsthe identification,definition,
testing,integration,anddeploymentof commondatagrid componentsin thegrid projects.

5. ThesystemcontainsHEP-specificnon-grid softwarecomponents, producedin HEPcollaborativeprojects
like GEANT 4 [34] andANAPHE[35].

6. ThesystemcontainsCMS-specificnon-grid softwarecomponents. Themostimportantof theseareCMS
physicsalgorithms whichencodeCMS’sknowledgeaboutits detectorandthewayto dophysicswith it: by
2006thesealgorithmswill representmany hundredsof man-yearsof developmenteffort. Anotherimportant
componentis theCMS softwareframework in whichthesephysicsalgorithmsrun. Thecurrentlydeployed
CMS software framework is calledCARF, the next major versionis calledCOBRA. The CMS software
framework isolatesthegrid componentsfrom many of thedetailsof CMSphysicsalgorithminvocationand
CMSphysicsdatahandling.Thegrid componentsin turnhaveto isolatetheCMSsoftwareframework from
many of thedetailsof grid resourcemanagement,distributedjob execution,andwide-areadatahandling.

Themainfocusof this documentis on theexactrelationbetweenthedatagrid componentsandtheCMS-specific
softwarecomponents.The interfacesbetweenthesecomponentsarediscussedin considerabledetail. For many
interfacecalls,quantitativeaspectslike thecalling frequency arespecified.Fromthesenumbers,somescalability
requirementsfor thegrid componentscanbederived.

4.2 Storage and handling of data product values

Note to CMS Objectivity/DB users: This sectiondescribesa long termdatahandlingvision thatwould, among
otherthings,supportuseof the currentObjectivity product. However this long term vision is not coupledvery
stronglyto currentObjectivity details.Themappingof this sectionto currentCMS datahandlingterminologyis
asfollows:
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Thissection CurrentCMS datahandlingterminology
File Objectivity databasefile or ZEBRA file
Dataproduct Objector record
A CMS file catalog An Objectivity federationcatalogfile andbootfile in thelocalarea,

maybecombinedwith someCARF metadataattachedto thatcatalog
Objectpersistency layer Objectivity client library andsomepartsof CARF, or ZEBRA library
Objectpersistency server Objectivity AMS server

A data product value is a physicalrepresentationof the valueof a dataproduct. Dataproductvaluescanbe
stored,andreadinto thememoryspaceof CMS executables.CMS hasa very specificarchitecturalvision for the
storageandhandlingof dataproductvalues.Thisvision is illustratedin figure6. Themainpointsareasfollows.

Dataproductvaluesarealwaysstoredin files, usuallytherearemany relateddataproductvaluesin a singlefile.
For asingledataproduct,its dataproductvaluecanexist in many filesat thesametime. Thereadingandwriting of
dataproductvaluesfrom andto files is handledby anobject persistencylayer insideeachCMSgrid executable.
This layeris partof theCMSsoftwareframework. InsidetheCMS datagrid system,in thetime framenow-2003,
theCMS softwarecomponentsareresponsiblefor mappingandre-mappingdataproductvaluesto files. Thegrid
componentsneedsnot beawareof thefact thatsomefiles will hold subsetsof dataproductvalueswhich arealso
presentin otherfiles.

UNIX filesystem interface

Object persistency layer

UNIX filesystem interface

Object persistency layer

Grid site 1 (combines CPU power and local disk storage) Grid site 2 (combines CPU power and local disk storage)

Disk storage

Disk storage

 Grid storage without local CPU
(disk or tertiary storage)

= Data flow

UNIX filesystem interface

Object persistency layer
LAN (TCP/IP)

Object persistency server

= Data product value

= File

UNIX filesystem interface

Object persistency layer

CMS subjob code CMS subjob codeCMS subjob code

Grid file replication service

CMS object copier code

Figure6: Storageandhandlingof dataproductvaluesin thedatagrid system

Thedatagrid softwarecomponentsareresponsiblefor wide-areadatahandlingandreplicationin termsof files.
Theservicesofferedby thegrid componentsprovide logical grid file andphysicalgrid file abstractions.A logical
grid file is a file that exists in the grid in a location-independentway. It hasone or more physicalgrid files
associatedwith it, eachof theseis a physicalrepresentation,storedat a certainlocation,of the logical grid file.
Thegrid softwarecomponentsprovideagrid-wide file replicacatalogservicewhichmaintainsthemappingfrom
logical to physicalfiles. Not all physicalfiles of a logical file arenecessarilyidenticalall of thetime: dueto lazy
replicationpoliciessomeof thephysicalfilesmaybe‘out-of-date’representations.

CMS currentlyusestwo file typesto storedataproductvaluesin production:Objectivity/DB databasefiles pro-
ducedby apersistency layerbasedonObjectivity, andZEBRA filesproducedby theFortranZEBRA library – this
latter type is beingphasedout. By the endof 2002,CMS expectsto selecta final objectpersistency solutionto
beusedfrom thenonwardspast2006.Howeverat sometime duringthelifetime of theexperiment(up to at least
2030),externaldevelopmentsmight forceor motivateCMSto changeagainfrom thepersistency solutionselected
in 2002.

Irrespective of specificimplementationof the object persistency layer, the following architecturalchoicesand
constraintsapplyfor thestorageandhandlingof dataproductvaluesin files in theCMS datagrid system,for the
time framestartingnow andextendingpast2006.

1. Dataproductvaluesarestoredin logical grid files. Eachlogical grid file will containoneor more(maybea
hugenumber)of dataproductvalues.Supportfor file sizeslargerthan2 GB by grid componentsis desirable,
but not absolutelyneededin thetime framenow-2003.

2. Thechoiceandimplementationof thepersistency layer, which is responsiblefor readingobjectsout of files
andwriting objectsinto files, is alwaysundercompletecontrolof theCMSsoftwareteam:thegrid projects
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arenot involvedandalsocannotimposedesignconstraintsfor this layer. Thegrid componentsdo not need
to manipulateor interpretthefile contents.

3. Thegrid componentsneedto maintainaglobalview of which logicalfilesexist, andwhereall physicalfiles
are.

4. TheCMScomponentswill call on thegrid componentsto createanddeletelogical files,andperformwide-
areareplicationactionson (setsof) physicalfiles.

5. Dataimport/export operationsbetweentheCMS datagrid andoutsidesystemshappensin termsof logical
files.

6. Forany CMSexecutablerunningonagrid site,theobjectpersistency layerandtheCMSsoftwareframework
only implement,asa baseline,accessto physicalgrid files which are local to that grid site. (The current
Objectivity-basedlayerdoesprovide theoptionof implementingaccessto physicalfiles at othergrid sites,
but thedatatransportprotocolthatis usedis too inefficientto beof muchusein thewidearea.It is therefore
not expectedthat this option of remotefile accesswill beusedmuch,if at all, in productionby CMS grid
executables.)

7. File accessby the CMS objectpersistency layer is alwaysperformedon physicalgrid files via the UNIX
filesysteminterface,using regular POSIX I/O calls. In particulara grid-provided file storagelayer that
would requirethe objectpersistency layer to be linked with special‘grid versions’of the POSIX open(),
read(), ����� callsis incompatiblewith theCMSarchitecturalprinciples,becauseCMSmightchoosein future
to usecommercialsoftwarecomponentsin its persistency layerthatdonotallow suchre-linkingwith special
open()versions.(ThecurrentObjectivity-basedpersistency layerdoesallow for somedegreeof re-linking,
but a futureproductthatCMScouldconsidermightnot.)

8. Two casesfor file accessby thepersistency layerarepossible.

� First, theI/O callscouldbedonedirectly from theexecutablecontainingtheCMS physicsalgorithm,
on a filesystemmountedon themachinethatrunstheexecutable.Notethat themountedfilesystemis
not necessarilya local disk of thatmachine,it might needto bea muchlargerfilesystemlocal to the
site but not local to the machine.Accessto files on a large filesystemlocal to the site, but not local
to themachine,is neededin particularin theCMS usecaseof doing ‘random’ typeaccessto setsof
‘pileup events’with a sizeof 1 GB – 1 TB: suchsetsaresimply too largeto stageto thelocal disk of
everymachinein a site.

� The secondcaseof doing the file accessis shown in the rightmostpart of figure 6: The executable
connectsto a CMS-providedobjectpersistency server via thesiteLAN, andtheactualfilesystemI/O
calls aredoneby objectpersistency server, on a filesystemthat is mountedon the machinethat the
persistency server runson.

CMS doesnot guaranteethatbothformsof accesswill alwaysbeimplementedasequivalentoptionsby all
its persistency layers.Rather, in boththeshorttermandthelong term,CMS requiresthatboththeseforms
areefficiently supportedby thegrid componentsin theCMSdatagrid system.Supportingonly oneof these
formsin anefficientway is notacceptable,asthiswouldconstrainthechoicesthatCMShasfor evolving its
persistency layer.

9. CMS hasa strategy of moving codeto data. However someof the time, datawill alsohave to move to a
locationwherecodeis run.

Thepreparationsfor runningaCMSexecutableonasitemayinvolvecreatinglocalphysicalfilesby replicat-
ing filesfrom othersites,or even(for efficiency reasons)first invokingaCMSobjectcopiertool onaremote
site to copy selecteddataproductvaluesinto a new, smallerlogical file, andthencreatinga physicalcopy
of this new, smallerfile on the local site. Both theseoptionsareillustratedin figure6. For theforeseeable
future, thebaselineapproachto dataproductlevel copying operationsis that they areperformedmanually
by CMSusersor areinitiatedby CMSsoftwarecomponents.

Not all datausedby a CMS executablewill necessarilybe availablelocally at the startof this executable.
During the runningof a CMS executable,the executable,or a CMS objectpersistency server usedby the
executable,mightalsocall on thegrid to resolvea logicalgrid file thatis neededby theexecutableto aclose
physicalgrid file. If a closeenoughphysicalfile is not found,a file replicationoperationmight beinitiated
to createone.TheCMSexecutablewill beidle while thefile is beingreplicatedover. It is notexpectedfrom
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the grid componentsthat they offer servicesto reclaimsuchidle CPU time. In steadCMS is responsible
for makingtheperformancetradeoff, on a file to file basis,betweenusingdynamicstagingof a file which
introducesidle timeontheCPUthatis allocatedto therunningof theCMSexecutable,andusingpre-staging
of the file evenwhile it is not known for surethat the executablewill needit. CMS might at onepoint in
thefutureseekhelpfrom thegrid projectsin developingheuristicstage-aheadstrategiesto hidesomeof the
latency of dynamicstaging.

10. The CMS executableswill usetwo different ways of mappinglogical grid file namesto the namesand
locationsof physicalgrid files.

� Thefirst way is by doinga lookupin thegrid-widefile replicacatalogservice.
� Thesecondway, which alsorequiressomesupportfrom thegrid softwarecomponents,is via a CMS

file catalog. A CMS file catalogis a specialpersistentdatastructure,existing asseveral logical grid
files,whichis maintainedby CMSsoftwarecomponentsin thedatagrid system.Apart from references
to physicalgrid files, the file catalogcanalsocontainspecializedindexing metadatathat allows fast
accessto thedataproductvaluesin thesephysicalgrid files,bypassingmuchof theprocessof generat-
ing a logical grid file nameandthenhaving it mappedto a physicalgrid file. Many CMS file catalogs
will bepresentin theCMSdatagrid system.
For thegrid componentsin theCMSdatagrid system,thesupportrequirementsfor CMS file catalogs
are as follows. Becausethe CMS file catalogscontainphysicalfile namesand locations,the grid
componentsmight needto updatesuchfile catalogswhenmoving or deletingphysicalfiles. These
constraintson thedatagrid componentswill beexpressedaspartof CMS-setreplicationconsistency
managementpolicies.Thesepoliciesmayimply for examplethat,beforeaphysicalgrid file is deleted,
a CMS grid softwarecomponentneedsto becalledto ensurethat the informationaboutthis physical
grid file location is removed from oneor moreCMS file catalogs.Policiesmight alsorequirethat,
whena new physicalgrid file is createdat somesite by automaticreplication,a CMS grid software
componentis calledto registerthepresenceof thisfile into oneor moreCMSfile catalogs.

CMS doesnot guaranteethat both above forms of obtainingnameandlocationinformationaboutneeded
physicalfileswill alwaysbeimplementedasequivalentoptionsby all its persistency layers.Rather, in both
theshortterm andthe long term,CMS requiresthatboth theseformsareefficiently supportedby thegrid
componentsin theCMSdatagrid system.

11. For the durationthat a CMS executablemight be accessinga particularphysicalfile, this file needsto be
’pinned’, thatis protectedfrom moving, deleting,or overwritingby grid components.Thegrid components
areresponsiblefor maintainingthepinningstatusof eachphysicalfile. File operationsinitiatedvia thegrid
componentswhich would conflict with thepinningstatusneedto bedelayedor refused.CMS executables
will requirean interfaceto createfile pinsor inquireaboutthefile pinningstatus.Note thatmultiple CMS
executablesmight have a physicalfile pinnedat thesametime: it is theresponsibilityof theseexecutables,
not thegrid components,to coordinateany possibleupdateoperationsthatthey doon thefile.

12. Many physicalfiles in thegrid will exist underCMS-setreplicationandconsistency policiesthatallow grid
componentslike ‘garbagecollectors’or ‘load balancers’to automaticallyreplicateor deletethesefiles. Such
automaticfile managementactionswill bealwaysbeconstrainedby file pins,andperformingthemwill also
oftenrequirecallsto CMSsoftwarecomponentssothatCMSfile catalogsor othertypesof metadatacanbe
updated.

4.3 Data replication model

As mentionedabove, the grid componentsin the CMS datagrid systemprovide logical andphysicalgrid file
abstractions.Thegrid softwarecomponentsprovide a grid-widefile replicacatalogservicewhich maintainsthe
mappingfrom logical to physicalfiles. Not all physicalfiles of a logical file arenecessarilybytewiseidenticalall
of thetime: dueto lazy replicationpoliciessomeof thephysicalfiles maybe‘out-of-date’ representationsof the
logicalfile.

Datareplicationin theCMSdatagrid systemis not doneon a file-by-file basis,but in termsof coherentgroupsof
filescalledfile sets. A file setis asetof logicalgrid files. A singlefile canbein many file sets:file setscanoverlap
eachotherandbe containedin eachother. A grid-wide file set catalog service is usedto maintaininformation
aboutall file setsthat exist in the grid. This serviceis provided asa softwarecomponentby the grid projects.
Thecontentsof thecatalog,the file setsthemselves,arecreatedandupdatedby CMS softwarecomponentsthat
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interactwith thefile setcatalogservice.Eachfile setentry in the cataloghasa uniquenamethat is assignedby
CMScomponents.Apart from alist of logicalfile names,thefile setentryalsorecordsaCMS-definedconsistency
managementpolicy thatwill governreplicationactionson thefile set.

Examplesof file setsare:1) asinglefile, 2) all privatefilesof someuser, 3) theObjectivity databasefilescontaining
all raw dataproductsfor someperiodof detectorrunning,combinedwith several databasefiles with indexing
metadata,which areneededto accesstheraw dataproductsin thesefiles,4) thefiles which representa particular
CMSfile catalog.

Bothprivateandpublicfile setswill bedefined.For publicfile sets,CMSproductionmanagersandphysicsgroups
will oftencreatemetadataon aper-file setbasis.This metadatacanbesearchedby CMSphysiciststo find thefile
setsthey need.CMS might make useof grid level metadatakeepingservicesto make maintainingthis metadata
easier. However it remainsthe responsibilityof CMS to encodeandmanagethis metadata,andit will be CMS
productionmanagerswho decideto whatextentthey will adoptcommongrid metadatamanagementservices.

Examplesof operationson file setsare: 1) replicatethe contentsof the file set to somegrid site, 2) export the
contentsto asiteoutsideof thegrid, 3) clonethefile setcontentsto createanew ‘private’copy of thefile setunder
anew name,4) queryif siteX hasareplicaof file setY, andwhetherthis replicais still ‘current’, with theconcept
of currency beingdefinedby theconsistency managementpolicy of thefile set,5) find all grid siteswhich have a
‘currentenough’copy of somefile setavailableon local storage.

It is envisagedthat a grid-level file replicationservicecanbe usedto performoperationslike the onesabove on
file sets.This servicehastheperformreplicationactionswithin theconstraintsof severaldifferentCMS-defined
consistency managementpolicies. Thesepoliciescanbe quite complex, encodingspecificfreshnessconstraints
betweenthe replicasof differentfiles in a set. Examplesof policiesare: 1) this file set is local to a singlegrid
siteandnever replicated,soeachof the logical files in thesethasexactly onephysicalfile associatedwith it on
thatsite2) this file setconsistsof read-onlyfiles, sofiles canbereplicatedalwaysin any order, 3) thefiles in this
setareread/writefiles,but thereis a clearlydefinedmastersitewhereall thefile writesaredone,new or changed
filescanbereplicatedto othersitesatany time,4) thereis onemastersitewherefile updatesaredone,but replicas
canonly bemadeat particulartimeswhenaCMScomponentmarksthesetof filesat themastersiteasstableand
mutuallyconsistent.TheexactpoliciesthatCMS needssupportfor arenot yet definedat this moment,theabove
examplesmerelyindicatethe expectedlevel of complexity from now till 2003. In theory, the CMS components
coulddefineoverlappingfile setsin the file setcatalogandattachmutually conflicting consistency management
policiesto them:it is theresponsibilityof theCMSsoftwarecomponentsto ensurethatthis neverhappens.

All CMS file replicationpolicies for the foreseeablefuture will sharesomecommoncharacteristics.For all of
thesepolicies,eachindividual logical file is declaredto beeithera) read-onlyor b) to beread/writewith a single
well-defined‘mastersite’ thatis responsiblefor all thewriting. Notethatthemastersitecanchangeover time.

4.4 Job model

Physicistsget work doneon the CMS datagrid by submittingjobs to it. A CMS grid job generallyconsistsof
many subjobs. By 2003,somevery largejobsmight evencontainhundredsof thousandsof subjobs.Eachsubjob
consistsof therunningof a singleCMS executable, with a run time of secondsup to hours.Theexecutableruns
asa UNIX process.Theprocessmaybemulti-threaded,but in generalthethreadstogetherwill only usetheCPU
powerof a singleCPU.Thenumberof CPUsto beallocatedto a subjobon executionis oneof theCMS-supplied
parametersof thesubjob.

Therearemany different typesof subjobs. For example,somesubjobsexecuteanalysiscodespecifiedby the
physicistwhenthejob wassubmitted.Someexecutestandardphysicsalgorithmstakenfrom asoftwarerepository,
to createnew dataproductvaluesthatmight potentiallybesharedby otherphysicists.Someextractselecteddata
productsfrom a largefile setinto a smallerfile set. Not all of the subjobsof onejob will necessarilyrun in the
samesecuritycontext: for examplesubjobswhich containonly certifieddataextractioncodeor certifiedphysics
algorithmsmight runin asecuritycontext thatallowsthemto createor updatefile setsthataresharedamongmany
grid users.

CMSsubjobsdonotcommunicatewith eachotherdirectlyusinganinterprocesscommunicationlayerlikeMPI. In
steadall datais passed,asynchronously, via file sets.A subjobgenerallyhasoneor morefile setsasits input,and
will generallycreateor updateat leastonefile setto storeits output.Subjobscanaddnew files to outputfile sets
while they arerunning.Someof thefile setsusedin a job maybetemporarysetsof files,existingonly to passdata
within thejob. Within a job thereis a sometimescomplicated,but alwaysacyclic, dataflow arrangementbetween
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subjobs.This arrangementcanbedescribedasa dataflow graphin which file setsandsubjobsappearalternately.
Thedataflow arrangementinsidea job is known to thegrid components,in particularto thegrid schedulersand
grid executionservices,sothatthey cancorrectlyscheduleandsequencesubjobexecutionandthedatamovement
within a job.

Several subjobsmay have the samefile setas input. It alsois possiblethat several subjobs,subjobswhich can
potentiallyrun concurrentlyaccordingto thedataflow constraintsspecifiedfor the job, areusinga singlefile set
asa joint spaceto placetheir outputin. In generalthis requiresthatall thefiles in this file sethave their master
copieson thesamesite,with thesesubjobsalsorunningon thatsite.Thesubjobswill coordinatetheir I/O actions
on thecontentsof thefile setusingconcurrency managementservicesofferedby theCMSpersistency layer.
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Figure7: Creationandprocessingof a singleCMSdatagrid job

Figure 7 shows the model for the creationand processingof a single CMS datagrid job. The job is created
by a physicistusinga physicsanalysistool, andthensubmittedto the grid. The job descriptionis passedto a
CMS grid job decompositionservice, which is a grid componentprovidedby CMS. This servicedecomposes
the job into subjobs,andcreatesthe job dataflow graph. Often a job canbe decomposedin many ways: the
decompositionserviceinteractswith several catalogsandothergrid servicesto determinein which way the job
shouldbedecomposedto achievegoodefficiency giventhecurrentstateof thegrid.

The resultingdecomposedjob description containsa logical, locationindependent,specificationof all actions
thathave to beperformedby thegrid to executethe job. Thesubjobsin thedecomposedjob descriptionarenot
yetmappedto any grid site,andtheinput,output,anddatahandlingarespecifiedin termsof file setsof (location-
independent)logical grid files. It is the job of thegrid schedulerto optimizethe job by taking thedecomposed
job descriptionandmappingthe subjobsto specificgrid sites. The grid scheduleralsogeneratesany necessary
file replicationactionsto ensurethatthesubjobscanaccess(physicalreplicasof) their specifiedinput,output,and
working file setson local sitestoragevia their persistency layer. Note thatwhile running,thesubjobsmight also
interactwith thegrid to dynamicallystageadditionalfiles,whoseidentitieswerenotvisible in thedecomposedjob
description.

The decomposedjob descriptionmight alsobe deliveredto a query estimator, which computesan estimateof
thejob runtimeandresourceusagewhenit would bescheduled.It is expectedthatanestimationof CPUandI/O
resourceusagecanbe fairly accurate:the queryestimatorcanuseestimatesaboutsubjobCPU andI/O profiles
which aresuppliedin thedecomposedjob description.Estimatingwallclock runtimewill bemoredifficult, soa
job progressmeter serviceandtheability to abortapendingor runningjob will likely beuseful.Whensubmitting
a job, theusermayincludeseveralhints to thegrid to helpit in optimizingresourceusage.An exampleof a hint
wouldbe“severalotherjobsusingthesameinput datasetwill besubmittedin future”.

Thegrid schedulertransformsthedecomposedjob descriptioninto a scheduledjob description, which is passed
to thegrid-wide executionservice. An importantpartof thejob descriptionis asetof errorrecoveryrules, which
aresuppliedby CMSaspartof thedecomposedjob description.Theserulescanbeusedby theexecutionserviceto
recoverautomaticallyfrom certainclassesof hardwareandsoftwarefailure.An exampleof anerrorrecoveryrule
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is: ‘if themachinethatis runningthesubjobat point X in thedataflow graphcrashes,thenonecanautomatically
roll backto a consistentstate,representingthe statebeforethesubjobwasstarted,by calling theCMS-provided
cleanupscript with the nameY andparametersZ’. Becauseof the limited operatormanpower comparedto the
numberof hardwareandsoftwarecomponentsthatmayfail, CMS requiresthegrid-wideexecutionserviceto be
ableto supportquitecomplex automaticerrorrecoverystrategies.

Often,thebulk of theCMS job output remainsinsidethegrid, asanew or updatedfile set.However, oneor more
subjobsin a CMS grid job might alsodeliver output(usuallyin theform of files) directly to thephysicsanalysis
tool thatstartedthejob: outputdelivery is asynchronousandshouldbesupportedby agrid service.

Besidesjobs,usersandsystemoperatorscanalsosubmitcommandsto thegrid, to achievesomethingthatcannot
beexpressedasa job. An exampleis thecommandcreatea replicaof somefile setat a particularlocationandto
keepit therefor thenext month.

4.4.1 Job and command submission interface

To submit jobs andcommands,the CMS physicsanalysistools, usually runningon local workstationsoutside
thegrid, will usea grid projectdefinedjob or commandformatandcall on a grid projectdefinedAPI. Somejob
or commanddescriptionsmay includevery largepiecesof data,for examplecompiledcodeandlargealgorithm
parametersets.Thesecouldberepresentedasthenamesof files on the local filesystemof theprocessdoing the
API call.

Somejobswhich aresubmittedmaybewaitedfor interactively, with theCMS tool keepingan ‘open line’ to the
grid to receive informationaboutprogressandtermination.Otherjobsmayberun in batchmode,with progress
andterminationbeingmonitoredusingseparatetools.

4.4.2 Subjob overheads

Subjobsof coursehavestartupandinitializationoverheads,but thesewill generallybenegligible if thesizeof the
dataproductsreadby thesubjobis largerthanabout100MB. Subjobgranularitywill generallybeat this level or
evenmorecoarse,sothatstartupoverheadsarekeptrelatively low.

TherearevariouspotentialI/O overheadswhensubjobsreadinput dataproductvaluesfrom files. A complete
discussionof this topic is beyondthescopeof thisdocument,somesourcesare[15], [22], and[23]. Somespecific
considerationsfollow. It is desirable,andoften possible,to storedataproductvaluesin files in sucha way that
thereadingof productvaluesfrom files producessequentialaccesspatternson thedisk hardware[15] [17]. The
large sizeof job input datasets,andthe ‘streaming’sequentialnatureof dataproductvalueaccess,imply that
in-memorycachingof productvaluesis not a very importantoptimizationtechniquein the CMS datagrid. The
I/O overheadsin accessingdataproductvaluesaremainly determinedby the storagesystemhardware. Theuse
of Objectivity/DB asa persistency layer doesnot introduceoverheadssignificantlydifferentfrom thoseof other
persistency layer implementationsthat provide cross-platformformat compatibility. Indexing overheadsto find
productvaluesinsidefileswill alwaysberelatively small.

4.5 Weak forms of equivalence between datasets

Onecannotoverestimatethecost(in time, manpower, hardwareresources,wrongresultsandlossof credibility)
thatcouldresultfrom false“equivalences”amongdatasets.In many casesCMSphysicistswill insistonbyte-wise
equalitybetweensubsequentlydelivereddatasets.

In somecases,weakforms of equivalencebetweena datasetthat is requestedand the onethat is deliveredare
permissible,especiallyif a weaklyequivalentdatasetcanbe deliveredmuchfaster. Examplesof thesecasesare
theselectionof randominitial eventsetsananalysiseffort, andtheselectionof setsof simulatedevents.However,
researchby thegrid projectsinto computersupportfor suchdataselectionwith weakformsof equivalenceis not
beingrequestedby CMS.

4.6 Requirements for the handling of platform differences

A platform is a combinationof hardware,OS, compiler, libraries, etc. usedto executejob or algorithm code.
Platformdifferencesmay resultin small deviationsin job output. TheCMS datagrid will have to includesome
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facilitiesthatassistphysicistsin studyingandhandlingplatformdifferences.In particularit shouldbepossibleto
constrainjob schedulingin sucha way thatsubsequentjobsareguaranteedto berunon thesameplatform.

4.7 Security and resource sharing policies

The codeanddatain the CMS datagrid needto be protectedagainstunauthorizedaccess.Therearetwo main
cases.First, all dataneedsto be protectedfrom accessby peopleoutsidetheCMS collaboration.Second,when
doing developmentwork, a physicistwill considerall intermediateresultsto be private. Privatedataneedsto
be inaccessible,even to somedegreeinvisible, for others. End resultsmight be ‘published’ by extendingthe
accesspermissionsto agroupof peopleor to thewholecollaboration.Accesslogsandworkloadstatisticsthatare
gatheredfor grid schedulingandmonitoringalsoneedto beprotectedagainstunauthorizedaccess.

Somefacilitiesareneededto ensurethatgrid resourcesaresharedfairly. Thegrid schedulershave to implement
allocationpoliciesthatensurereasonablesharingof resourcesamongstconcurrentlyrunningjobs. Queryestima-
tion serviceswill playanimportantrolebecausethey allow usersto avoid theunintentionalabuseof resources.An
accurateaccountingof resourceusageis needed,to drive thesocialfeedbackloop thatensuresfair sharinginside
theCMS collaboration.At themomentof job submissionthegrid doesnot needto implementvery fine-grained
constraintson resourceusageby individuals, thoughsomeactive protectionis neededagainstthe accidentalor
intentionalexecutionof jobsor commandswith a ‘denial of service’effect. Sometier 1 and2 centersmight have
policiesthatreserve theuseof certainlocal resourcesto a subsetof all physicistsin CMS.

4.8 Interface for the invocation of CMS executables on grid sites

A CMS subjobconsistsof therunningof a singleCMS executableon a grid site. Theexecutablerunsasa UNIX
process.Theprocessmaybemulti-threaded,but in generalthethreadstogetherwill only usetheCPUpowerof a
singleCPU.Thenumberof CPUsto beallocatedto asubjobis oneof theCPU-suppliedparametersof thesubjob.

A CMSexecutablemight incorporateusercodethatwasfinishedonly secondsbeforethesubmissionof agrid job
or commandthatrequirestheuseof thiscode.Theexactway in whichsuchcodeis deliveredto thegrid still needs
furtherstudy. Someoptionsare: source,sharedlibrary, completeCMS executable,andanabstractidentifier that
canbesubmittedto a compilationservice,togetherwith a platformidentifier, to obtaina platform-specificCMS
executable.

CMS executableswill occasionallydumpcore,hang,terminatewith nonzeroexit status,or produceunexpected
errormessageson theirstandardoutputandstandarderrorstreams.Thegrid componentsinvokingtheexecutables
needto be written to copewith suchsituations,both by supportingautomaticerror recovery strategies,andby
giving CMS grid usersor operatorsthe ability to diagnoseanddecideif no automaticstrategy applies. Whena
CMS executablecrashesor is abortedby the grid components,the grid componentsmight needto run a CMS-
providedcleanuptool, for exampleto deletetemporarydatabasefilesandreleasetemporarydatabaselocks.

To prevent accidentalor intentionaldatacorruptiondueto the executionof codethat is developeddynamically
by end userphysicists,any CMS executablethat incorporatessuchcodeneedsto be run in a ‘sandbox’ type
environmentasfar its UNIX filesystemI/O privilegesareconcerned.Thecodeshouldnotbeableto read,modify,
or deletefilescontainingprivate,unpublisheddataof otherusersor groups(seesection4.7).Thecodeshouldalso
notbeableto modify or deletefilescontainingpublicor publisheddata.TheI/O sandboxcanbesetupby thegrid
justbeforeinvokingtheexecutable.TheCMSobjectpersistency server, if usedon agrid site,will havetheability
to setup aninternalsandboxfile I/O environmentfor any executablethatcontactsit, afterobtainingthenecessary
informationfrom thegrid securitylayers.Theserver itself hasfull I/O privilegesfor all files.

A CMS executablegenerallyneedsto be invokedby calling a CMS tool which first setsup theright runtimeen-
vironmentfor the executable,andthenrunsthe executableitself. The CMS softwareruntimeenvironmentwill
remainunderdevelopmentfrom now throughoutthelifetime of theexperiment,andthis makeshigh flexibility in
settinguptheruntimeenvironmentfor CMSexecutablescritical. As asimpleusecase,two differentCMSexecuta-
blesrunningat thesametime on thesameCPUmight requiredifferentversionsof standardsharedlibrarieslike
glibc. CMScurrentlyusesa tool calledSCRAM[33] to createtherequiredflexibility in theruntimeenvironment,
SCRAMdoesthis by dynamicallyconfiguringtheenvironmentvariables(in particularthelibrary path)beforethe
executableis invoked.Becauseof thecomplexity of theCMSsoftwareenvironment,it is unclearwhetherSCRAM
couldbereplacedby a possiblefuturecommongrid job environmentmanagementtool. Takingthecurrentuseof
SCRAM asa startingpoint, the following requirementsfor the grid componentsandthe operationof CMS data
grid systemsitesareobtained.First,CMSneedsto havetheability to configuredynamicallyany givenpartof the
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executionenvironmentexceptfor the UNIX kernelandkernelservices.As a baseline,the runtimeenvironment
setuptool thatinvokestheexecutablemusthave a recentmirror of theCMS productionsoftwarerepositoryavail-
ableon a locally mountedfilesystem.This softwarerepositorywill have a sizeof at leasta few GB, containing
elementslike sharedlibraries,configurationfiles, andsetupscripts.Thesynchronizationfrequency of themirror
shouldbeat leastonceevery day. SomeCMS grid subjobsmight requiretheavailability of a very ‘fresh’ mirror
of therepository, suchconstraintswill beexpressedaspartof the job descriptionandthegrid schedulerneedsto
take theminto accountwhenmappingsubjobsto sites.

4.9 Quantitative aspects

Thissectionprovidessomequantitativeestimatesfor data,hardware,andjobs.Theseestimatesform thescalability
requirementsfor theCMS datagrid system.Most of theseestimatesweretakenfrom [13], andareestimatesfor
theyear2007.

Thescalabilityrequirementsfor thegrid componentsdeliveredto CMS by theendof 2003aredrivenby the20%
datachallengemilestoneeffort in 2004:thecomponentsneedto scaleto supportinga hardwareconfigurationthat
has20%of theprojected2007capacity.

4.9.1 Product sizes and processing times

Table1 givestheestimatedsizesandprocessingtimesfor themostfrequentlyoccurringdataproducts.Seesection
2.1 for an explanationof the raw dataproductsfor an event. The dataproductsderived directly from raw data
aregenerallycalledESD (eventsummarydata)productsby CMS physicists,thoseobtainedfrom ESDproducts
aregenerallycalledAOD (analysisobjectdata)products.Lessfrequentlyoccurringdataproductsareexpectedto
have largelysimilarcharacteristics.Thetimeneededto derivein this tableis therunningtimeof analgorithmthat
hastheproductasoutput;and,thetimeneededto processis therunningtimeof a job thathastheproductasinput.

CPUpowerneededto 2007CPUtimeneededto
Producttype Size derive process derive process

All raw productsfor oneevent 1 MB – 3000SI95s – 15 s
OneESD 500KB 3000SI95s 25 SI95s 15 s 0.125s
OneAOD 10 KB 25 SI95s 10 SI95s 0.125s 0.05s

Table1: Estimatesfor CMSdataproductsizesandprocessingtimes

Thetimesin secondsarebasedon theestimatedcapacityof a singleCPUusedaround2007,which is 200SI95.

Startingin late2006,CMS expectsto storeraw productsfor 
���� eventsperyear. Around2006it alsoexpectsto
runsimulationsof eventsin thedetector, storingsimulatedeventdataata rateof �! "
���# eventsperyear, with each
taking2 MB of storage.Seesection6.1for informationaboutthescaleof thecurrentdatahandlingeffort in CMS.

Creationof ESD andAOD productsis partly a chaotic activity, in which new productscomputedwith new al-
gorithmsandparameterscouldberequestedat any time by somespecializedphysicists.However, therearealso
productionruns, which arehighly structureddataproductcreationefforts run by systemmanagers.In production
runs,thesystemmanagerswill usuallyrungrid jobsto computeandstoretwo specificESDandAOD productsfor
every event in a largeset. Sucha setgenerallyis thesetof all eventstakenover a periodof weeksor months,or
a well-definedsubsetthereof.Productionrunsareexpectedto usea significantfraction,probablymorethanhalf,
of all grid resourcesin theyear2007.In lateryears,asfasterhardwaremakesresourceconstraintslessof anissue,
thechaoticactivity is expectedto takeup largerandlargerfractions.

4.9.2 CMS grid hardware capacity

The CMS grid hardwarewill consistof computerinstallationsarrangedin a hierarchicalstructureasshown in
figure 5 of section3.1. Figure5 alsoshows recentestimatesof the network link capacitiesbetweenthe sitesin
2007. It shouldbestressedthat theactuallink capacityavailableto CMS in year2007cannotbeestimatedvery
accurately, mainlybecauseof uncertaintiesaboutlong-termdevelopmentsin theinternationaltelecommarket.

As a baselinerequirement,the CMS datagrid needonly useandmanagethe systemresourcesin tiers 0, 1, and
2. Theinstituteserversandworkstationswill beusedfor datastorageandprocessingoutsidethegrid, andalsoto
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prepareandsubmitgrid jobs. Table2 giveshardwarecapacityestimatesfor individual tier 0–2centers.Notethat
‘tape’ in this tablecould alsobe anothertertiary storagemedium,dependingon technologydevelopments.The
archival storagecapacitywill grow over time, in orderto satisfytheconstraintthatat all raw dataneedsto bekept
forever.

Tier CPUcapacity Nr of CPUs Active tape Archival tape Disk
0 (CERN) 455,000SI95 3000 1540TB 2632TB 796TB
1 105,000SI95 750 590TB 433TB 313TB
2 26,000SI95 180 none 50 TB 70 TB

Table2: Estimatesfor 2007CMShardwarecapacityneeds,takenfrompages2–4of [13], andan esti-
mateof thenumbersof installedCPUsneededto fulfill theCPUcapacityneeds.Thediskspaceusedas
a cachefor theactivetapeis includedin thediskcolumnabove([13] doesnot countthis diskspace).
Theyear2007representsthefirst full yearof CMSdetectorrunning, sotheaboveestimatesreflectthe
capacityneedsto store andprocessonefull yearof CMSdata. To obtain the total installedhardware
capacityfrom theseneeds,they needto be multipliedwith overheadfactors to take into accountallo-
cationinefficienciesanddowntimefor maintenance[13]. Thetier 0 numbers in this tableare thetotal
capacityneedsfor CMSofflinedataprocessingat CERN

4.9.3 Hardware failure characteristics

TheCMS datagrid needsto providefault toleranceserviceswhich take thefollowing into account.

CMSexpectsto buy mostof thegrid hardwaredescribedin Section4.9.2onthecommoditymarket,andexpectsto
operateit withoutexpensiveround-the-clockservicecontracts.CPUserverscaneasilybedown for days.Muchof
thediskcapacitymightactuallybeonharddisksinsidetheCPUserverboxes,notonmorededicateddiskservers.
Mostof thediskswill nothavebackupsandmightnotevenuseahighRAID level. Thediskscanalsobedown for
daysor suffer failurewith nohopeof datarecovery.

CMS also expectsto configureand operatea small amountof all hardwareas high reliability and availability
systemswhichhaveround-the-clockoperatorsupport.Suchsystemswill belocatedat thetier 0 siteandprobably
alsoat all tier 1 andtier 2 sites.Thegrid canusethesesystemsto storemetadata,catalogs,andtransactionstate.

4.9.4 Workload characteristics

Multi-userphysicsanalysisworkloadshaveacomplicatedstructure.Thepropertiesof theworkloadaredetermined
by threemajorinteractingfactors:themethodologyof high energy physicsasanexperimentalscience,theway in
whichphysicistscollaborateanddividetheirwork, andtheneedto maximizetheutility of theavailablecomputing
resources.Theworkloadshave a mix of production andanalysisactivities. In theterminologyof this document,
a productionactivity correspondsto the submissionof a grid job which containsat leastthousandsof subjobs
andcreatesa large setof outputfiles. The completionof sucha job might take daysor even months. Analysis
correspondsto the submissionof grid jobs by individual physicists– this activity is muchmore ‘chaotic’ than
production,with jobsgenerallyhaving a runtimeof a few hours.

This documenttakes the HEPGRID2001model [14] as the baselinemodel for the workload that needsto be
handledefficiently by theCMSdatagrid systemaround2006.SomestatisticsabouttheHEPGRID2001workload
arein figure8, for furtherdetailsthis documentrefersto [14]. TheHEPGRID2001workloadmodelis a modelin
termsof ’virtual’ dataproductaccess,not a modelin termsof file sets.A workloadmodelat the level of file sets
canbegeneratedby extendingtheHEPGRID2001modelwith a simulationof theCMS mappingof dataproducts
to files sets. The creationof suchan extensionis a plannedactivity. It shouldbe notedhowever that the CMS
understandingof its futurestrategy for mappingdataproductsto filescouldevolveconsiderablyover thenext few
years,basedon experiencewith thefuturedataanalysisactivitiesof individualphysicists.

It shouldbe notedthat the HEPGRID2001workloadrepresentsa lower boundfor the numberof ‘chaotic’ ana-
lysis jobs submittedby enduserphysicists.Section4.9.5givesboth lower boundsandvaluesneededto support
very high levelsof ‘chaotic’ interactive use. TheMONARC project[11] is anotherreferencefor modelsof grid
workloads.
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Timespancoveredby workloadgeneratorin theHEPGRID2001model 1 year
Numberof physicistssubmittingjobs 500
Numberof jobsin workload 341/day
Averagesizeof a job inputset 
���$ products
Averagesizeof a job inputset 1.3TB
CPUcapacityneededto analyzerequestedproductsin jobs 960,000SI95
RAW productsrequestedby all jobs 4.5* 
�� � /year
ESDproductsrequestedby all jobs 3.0* 
��

�
�
/year

AOD productsrequestedby all jobs 9.4* 
��
�
�

/year
Averagenumberof timesthata singleproductis requested 40
CPUcapacityneededto deriveall requestedproductsonce 433,000SI95
Differentdataproductsderivedat leastonce 31/event/year
ESDproductsderivedif all derivedonly once 4.3* 
��%� /year
AOD productsderivedif all derivedonly once 2.7* 
��

�
� /year

Sizeof RAW products 1000TB/year
Sizeof ESDproductsderivedif all derivedonly once 2166TB/year
Sizeof AOD productsderivedif all derivedonly once 269TB/year

Figure 8: Exact statisticsfor the workload generated by the HEPGRID2001workload generator,
adaptedfrom[14].

4.9.5 Other parameters

Thissectionestimatesseveralotherparametersimportantfor thegrid. For everyparameter, thefirst valuegivenis
theexpectedvaluethatneedsto beminimally supportedfor thedatagrid systemto beusefulto CMS.Thesecond
value,betweenparenthesis,is theexpectedvaluethatis neededto supportevenvery high levelsof chaoticuseby
individualphysicists.

� Numberof users:500(2000)
� Numberof simultaneouslyactiveusers:100(1000)
� Numberof jobssubmittedperday: 250(10,000)
� Numberof jobsbeingprocessedin parallel:50 (1000)
� Numberof eventsvisitedin a job: 1–
��%� (1–
���� )
� Jobturnaroundtime: 30seconds(for tiny jobs)– 1 month(for hugejobs)(0.2seconds– 5 months)
� Dataproductvaluesize:1 KB – 100MB (50 byte– 2 GB)
� Dataproductsuploaded:
��

�
� /year( 
��

�
�
/year)

� Frequency of bulk datauploadoperations:5/day(50/day)
� Frequency of uploadoperationsof a singlefile: 500/day(20,000/day)
� Numberof file setsthatserveasinput to asubjob:0-10(0-50)

In general,CMS physicsanalysisworkloadswill expandto fill all availablehardwarecapacity. Given this, and
combiningtheestimateof about250jobsperdaywith theavailablecapacity, thefollowingestimatesareproduced.
In theseestimatesthejobsfill their expectedavailableshareof CPUcapacity, but not yet their expectedavailable
shareof local areadisk I/O capacity.

� Averagenumberof dataproductsaccessedby a job: 
��%$ (250,000)
� Averagesizeof thedatasetaccessedby a job: 1.3TB (30GB)
� For everydataproductthatis evercomputed,theaveragenumberof timesthatit is accessedin theworkload:

40

Notethatthethreeparametersabovehaveverywidevaluedistributions,somereaveragesarenot thatmeaningful
whentakenontheirown. Theoutputof theHEPGRID2001workloadgeneratorcanbeusedto obtainanindication
of thevaluedistributionsof theseparameters.
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4.9.6 Expected evolution of parameters

Thesystemrequirementsfor year2007will evolveover time to trackpredictionsof how muchhardwarecapacity
canbeeconomicallyavailablein year2007.

Fromyear2007to at leastyear2030,throughoutthelifetime of theexperiment,therequiredandrealizedsystem
capacitywill definitely increaseto exploit price/performanceimprovementsin hardware. For CMS, increased
capacitywill meananincreasedability to studyphysicseffects,soincreaseswill alwaysbesought.TheCMSgrid
architectureshouldthusallow for scalingof at leasta few ordersof magnitudebeyondtheyear2007storageand
CPUcapacityrequirements.
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5 Requirements for the grid projects

This documentdefinesthecurrentrequirementsfor the grid projectsthatCMS is involvedin asa ‘customer’. It
shouldbenotedthattheserequirementsarebasedonthecurrentCMSvisionof its grid system,andthisvisionwill
certainlyevolve over thenext few years,partly asa resultof the interactionwith thegrid projects.At thehighest
level, the requirementis simply that thegrid projectsshoulddeliver softwarecomponentsto CMS which canbe
usedby CMS in theconstructionof theCMSdatagrid system.

Concerningthegrid componentswhichareto becreatedby thegrid projects,anddeliveredto CMSfrom now until
theendof 2003,section4 definesmany requirements,and,evenmoreimportantly, many architecturalconstraints
which thesecomponentsneedto take into account.An exact specificationof the componentsto be deliveredis
beyondthescopeof this document.Thecreationof suchexactgrid componentspecificationsis consideredto be
joint futurework betweenthegrid projectsandtheircustomers,with thegrid projectstakingtheleadin thiseffort.

Theremainderof thissectiondiscussesa numberof high-level requirementsissues.

5.1 Important CMS milestones

ThemajorCMS softwaremilestonesaffectingthegrid projectsarethe ‘delivery of baselinecoresoftware’ mile-
stonefor December2002,this includesthechoiceandintegrationof grid componentsinto thebaselinesoftware,
andthe ‘20% datachallenge’milestone,for which thework startsin January2004with milestonecompletionin
December2004.The20%datachallengeincludesthefull rangeof distributedoperationsrequiredfor theanalysis
of CMS dataunderrealisticconditionsasoccurringduringLHC operationaround2007. Thechallengedoesnot
necessarilyrequirethecommissioningof 20%of thecomputingcapacitydedicatedto CMS,sincecommontime-
sharedfacilities,suchastheT0 prototypecenterat CERN,will beexploited. In connectionto this challenge,the
Grid componentsdeliveredto CMS by theendof 2003needto scaleto supportinga hardwareconfigurationthat
has20%of theprojected2007capacity.

5.2 Division of labor

Thefollowing summarizesandexpandson thedivision of laborbetweenCMScomponentsandgrid components,
for thetime framenow-2003,asdiscussedin section4.

1. Tasksfor componentsprovidedby thegrid communityandgrid projects.

� Basicmanagementandaccessinterfacesfor grid resourcessuchasstoragesystems,CPUs,and the
network.

� Queuingof grid jobs,grid job executionmanagement,integrationwith local site job submissionsys-
tems.

� Distributedjob scheduling:optimizejob executionby efficiently allocatingsubjobsto sites,moving
codeto dataif possible,by takinginto accountfactorslike datalocationandsite loads,andby gener-
atingefficientdatareplicationactionsto pre-stagedatawhennecessary.

� Error recoveryservicesduringjob execution,whichareconfiguredwith CMS-providederrorrecovery
rulesandscripts.

� Resourcemanagement,monitoring,accountingtoolsandservices.
� Queryestimationbasedon a decomposedjob descriptionandthecurrentstateof thegrid.
� Efficientwide-areadatatransferin termsof files.
� Accessby CMS executablesto physicalgrid files on site-localdisk systemsvia POSIX calls on the

regularUNIX filesysteminterface.
� File catalogservicesmappinglogical to physicalfiles.
� File setcatalogservices.
� File replicationservicesin termsof file setswith theability to implementCMS-configuredconsistency

managementpolicies.
� Datamanagementservices:servicesto configureandmaintainbackupsor mirrorsto ensurethelong-

termavailability andintegrity of preciousdata.
� Resourceoptimization: longerterm datamigration(often basedon userhints or initiated by system

operatorcommands)to balancetheuseof resourcesin differentgrid sites.
� Grid wideauthenticationandauthorizationservices,securityinfrastructure.
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2. Tasksfor CMS componentsandcommercialcomponentsselectedby CMS.
� Physicsanalysistoolsthatprovideuserinterfacesto thegrid servicesfor end-userphysicists,interfaces

in termsof thehigh-level physicsapplicationsemantics.
� Persistency layerthatmaintainsdataproductvaluesin files.
� Optimizingthestrategy for mappingdataproductvaluesinto files.
� Localandremoteextractionandpackagingof dataproductsto/from files.
� Configurationmanagementfor CMSdataproductsandmetadata.
� Generationandmaintenanceof configurationmeta-datafor eachfile set,creationof serviceswhich

allow CMSphysiciststo find thedatathey needusingapplication-level queries.
� Efficient job decompositioninto subjobs.
� Mappingof the application-level job descriptionto a grid-level descriptioncontainingthe namesof

input,work, andoutputfile sets.
� Configurationof resourceusageandaccesspolicies.
� Creationof errorrecoveryrulesandscripts.
� Makingthetradeoff betweenpre-staginganddynamicstagingof files,initiation of dynamicfile staging

operationsin CMSexecutables.
3. Tasksfor which thelevel of involvementof thegrid projectsis yetuncertain.

� Managementandoperationof adistributedCMSsoftwarerepository.
� Creatingthecorrectruntimeenvironmentfor CMSexecutablesat eachsite.

4. Taskswhich arenot neededat all.
� Computersupportfor datasetselectionwith weakformsof equivalence.
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6 Appendix: Current CMS grid needs and activities

Theprecedingsectionstalk abouttheCMS datamodelanddataanalysisneedsin 2003andtowards2007. This
sectiondiscussescurrentandnear-futureneedsandactivities,andcontraststheseto thefutureneeds.

6.1 Large-scale detector simulation efforts

CurrentlyCMS is performinglarge-scalesimulationefforts, in which physicseventsaresimulatedasthey occur
insidea simulationof the CMS detector. Thesesimulationefforts supportdetectordesignandthe designof the
real-timeeventfiltering algorithmsthatwill be usedwhenCMS is running. Thesimulationefforts arecurrently
in theorderof hundredsof CPUyearsandterabytesof data[29]. Thesesimulationefforts will continue,andwill
grow in size,throughoutthelifetime of theexperiment.ThesimulationeffortsandthesoftwareR&D for CMSdata
managementareseenasstronglyintertwinedandcomplementaryactivities. In additionto performinggrid-related
R&D in the context of severalprojects,CMS is alsoalreadyusingsomegrid-typesoftwarein productionfor its
simulationefforts. Examplesof this is the useof Condor-managedCPU power in somelarge-scalesimulation
efforts, andthe useof someGlobuscomponentsby GDMP [18] [19], which is a softwaresystemdevelopedby
CMSthatis currentlybeingusedin productionto replicatefiles with simulationresultsin thewide-area.

CMS simulationefforts currentlystill rely to a largeextenton hand-codedshell andPerlscripts,andthe careful
manualmappingof hardwareresourcesto tasks.As moregrid technologybecomesavailable,CMSwill beactively
looking to useit in its detectorsimulationefforts, both asa way to save manpower andasa meansto allow for
greaterscalability. On the grid R&D side, the CMS simulationcodescould also be usedinside testbedsthat
evaluatestill-experimentalgrid technologies.It thusmakessenseto look morecloselyhereat theexactproperties
of theCMSsimulationefforts,andhow thesediffer from theuseof theCMSdatagrid around2006.

CurrentCMSsimulationrunshaveabatchnature,not aninteractivenature.Eachsimulationrungenerallyat least
takesafew daysto plan,with severalpeoplegettinginvolved,andthenatleastfew weeksto execute.At mostsome
tensof runswill be in progressat thesametime. Sothereis a hugecontrastwith theyear2006situation,where
CMS dataprocessingrequirementsareexpectedto be dominatedby chaoticphysicsanalysisjobs generatedby
hundredsof physicistsworking independently. Also, in contrastto theyear2006workloads,requestsfor thedata
in sparsesubsetsof (simulated)eventdatasetswill be rare,if they occurat all. Simulatedeventsetscanbe,and
are,generatedin sucha way thateventslikely to berequestedtogetherarecreatedtogetherin thesamedatabase
file or setof databasefiles.

6.2 CMS software packages

Two distinct softwarepackagesarecurrentlyusedin the CMS detectorsimulationefforts describedabove. The
divisioncorrespondsto two phasesin thesimulationprocess.

6.2.1 Physics simulation and detector simulation phase: CMSIM

TheFortran-basedCMSIM softwaretakescareof thefirst stepsin a full simulationchain.CMSIM usesflat files
in the ZEBRA format for its output. In CMSIM, eachsimulationrun producesoneoutputfile basedon a set
of runtimeparameters.CMSIM is very portableandcanbe run on almostany platform. Installing the CMSIM
softwareis not a majorjob.

CMSIM will bephasedout in thenext few years.At thestartof 2002a transitionto theC++-basedOSCARsim-
ulationpackageis expected,this packageusesmoreup-to-datesimulationcodesfrom C++-basednext-generation
GEANT 4 physicssimulationlibrary, andwill usethe CMS objectpersistency layer (currentlyObjectivity) for
datastorage.

6.2.2 Reconstruction and analysis phase: ORCA

In thesecondphaseof afull simulationchain,thesimulateddetectoroutputis constructed,processedandanalyzed
asif it weretheoutputof therealCMS detector. Themajorpartof theprocessing(calledreconstruction)is done
usingthe ORCA package.BesidesORCA, ‘desktop’ analysistools areusedto analyzefurther somerelatively
small datasetscreatedby ORCA, but thesedesktopactivities are outsidethe scopeof this document. ORCA
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datastorageis doneusingtheCMS objectpersistency layer, which is currentlybasedon theObjectivity database
system.As a first stepin the useof ORCA, the CMSIM fz format outputfiles arereadandtheir contentsare
storedasobjectsin thedatabase.Comparedto CMSIM, insideORCAthereis amuchmorecomplicatedpatternof
datahandlingin which intermediateproductsappear[24]. TheORCA softwareis underrapiddevelopment,with
cyclesof a few monthsor less. ORCA is only supportedon Linux andSolaris,andcurrentlytakesconsiderable
effort andexpertiseto install. Work on moreautomatedinstallationproceduresis underway.

MoredetailsonORCA arein [24] and[9].
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7 Appendix: Terminology

To make thisdocumentmoreself-contained,someterminologyis definedhere.

7.1 CMS data terms

ThissectiondefinessomeCMSdatarelatedtermsasusedin document.Thesearetermsthatoftenappearin other
CMS andhigh energy physicsdocumentsaswell. However, otherdocumentsmay usethesetermsin slightly
differentways.

� Object. Thesmallestunit of datain CMS is referredto asanobject. Objectsarepersistentpiecesof data
on storage.They arealsoatomic, so containerswith objectsarenever calledobjectsthemselves. In this
document,thetermdata product is usedin steadof object,becausetheword ‘object’ is too over-loaded.

� Event. In thecontext of thestorageandanalysisof CMS detectordata,anevent is definedasthecollision
phenomenathat occur during a singlebunch crossing. An event is not any particularpieceof datain a
database,ratherit is adistinctrealworld phenomenonthatcanbemeasuredby theCMSdetector, andabout
whichdatacanbekeptin database.In othercontexts, in particularin detectorsimulations,aneventcanalso
bea singleindividualcollision duringabunchcrossing.

� Event ID . An eventID is a smallpieceof datathatuniquelyidentifiesa particularevent. CMS hasnot yet
decidedwhat datatype will be usedfor event IDs. In this document,integersareused. In the production
CMSsystem,mostlikely a64-bit encodingof somenumberswill beused.

� Event data. A pieceof eventdata for event & is a chunkof data,anobjector dataproduct,thatdescribes
someaspectof event & .

� Raw data, raw object. Rawdata is a type of event data. The raw datafor event & consistsof all mea-
surementsmadeof event & by thedetectorat theoccurrenceof theevent. In thecurrentCMS datamodel,
the raw dataconsistsof a fixed setof persistentobjectscalledthe raw objects. Eachof theseraw objects
containsasetof binaryreadoutchannelvalues,maybeencodedwith zero-suppression.Theraw objectswill
notnecessarilybestoredin anobjectdatabase,it is conceivablethatsometypeof datastreaminginto binary
fileswill beused.

� Simulated data. Eventdatacreatedby a simulationsof collisionsinsidetheCMS detector. Simulateddata
generallyconsistsof two components,theMonteCarlotruthwhich recordstheexactphysicsprocessesthat
weresimulated,andthesimulatedraw datawhich recordsthesimulateddetectorresponse,in a formatthat
is verysimilar, or equalto, therealraw dataformat.Theestimatedsizeof a ‘full simulation’for oneeventis
2 MB of suchsimulateddata.Some‘f astsimulation’codesmayproducesmalleramountsof dataperevent,
for differenttypesof studies.

� Reconstructeddata, reconstructedobject, reconstructionalgorithm . Reconstructeddatais anothertype
of event data. Reconstructeddatafor event & consistsof reconstructedobjectsthat describeevent & . A
reconstructedobjectis computedby areconstructionalgorithmthattakesasinputasetof (maybesimulated)
raw objectsand/orotherreconstructedobjectsbelongingto the sameevent. The reconstructionalgorithm
alsotakesparameters,which influenceits functioning.

7.2 Grid terms

For morecompleteexplanationsof the grid, see[5]. For self-containmentof this document,this sectionbriefly
describesa few grid termsusedin thegrid projects.

� Grid . Thefollowing descriptionof a grid is adaptedfrom [5]. Theterm‘the Grid’ wascoinedin themid-
1990sto denotea proposeddistributedcomputinginfrastructurefor advancedscienceandengineering.The
realandspecificproblemthatunderliesthegrid conceptis coordinatedresourcesharingandproblemsolving
in dynamic,multi-institutionalvirtual organizations.Thesharingthatweareconcernedwith is notprimarily
file exchangebut ratherdirectaccessto computers,software,data,andotherresources,asis requiredby a
rangeof collaborativeproblem-solvingandresource-brokeringstrategiesemerging in industry, science,and
engineering.Thissharingis, necessarily, highly controlled,with resourceprovidersandconsumersdefining
clearlyandcarefully just what is shared,who is allowed to share,andthe conditionsunderwhich sharing
occurs. A setof individualsand/orinstitutionsdefinedby suchsharingrulesform what we call a virtual
organization(VO).
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� Data grid . The original grid conceptfocusedprimarily on the sharingof CPU resources.The term ‘data
grid’ wascreatedrecentlyto denotea grid systemthathasanadditionalstrongemphasison thesharingof
largeamountsof dataanddatastorageresources.
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8 Some other documents that may be of interest

Thedocuments[13] and[14] containimportantmaterial(hardwaresizedetailsandworkloaddetails)that is only
coveredin asketchyway in thisdocument.Thesetwo documentsshouldbecombinedwith thisdocumentto geta
completepictureof theCMSdatagrid system.

Thefollowing documentsmayalsobeof interest.TheCMS ComputingTechnicalProposal[8], written in 1996,
is still a goodsourceof overview material.More recentsourcesare[6], which hasmaterialon CMS physicsand
its softwarerequirements,and[12] which hasa longerversionof section2 of this document,andmany details
aboutHEPdataaccesspatternsandtheiroptimization,thoughfor thisdocumentwide-areaissuesareoutof scope.
Recentestimatesfor CMSnetworkingarein [10]. More informationaboutLHC computingestimatesis in [7].
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