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Abstract

Cache-coherenhonunifom memory access(CC-NUMA) machineshave been shownto be a
promisingparadigmfor exploitingdistribuedexecution.CC-NUMA systemsanprovideperformance
typically associateavith parallelmachineswithoutthe high costassociateavith parallelprogramming.
This is because singleimage of memoryis providedon a CC-NUMA machine.

Pastresearchon CC-NUMA machineshas focusedon modificationsto the memory hierarchy
interconnectopologyand memoryconsistencyprotocols,which which areall areascritical to achiev-
ing scalableperformance.The researchdescribedhere expandsthis focusto issuesassociatedvith
operatingsystemstructureswhich can increasesystemscalability We describea hardware/software
prototypng study which investigateshow changesto the operatingsystemof a commercial IBM
AS/400 systemcan provide scalableperformancewhen running transactionprocessingworkloads.
The projectdescribedwas a joint effort betweenresearchersit the IBM ThomasJ. WatsonResearch
Centerand a teamfrom the AS/400developmentaboratoryin RochesterMinnesota.

This paperdescribesrariousaspect®f theproject,includingchangesnadeto the operatingsystem
to enablescalableperformanceandthe associatedhardwareandsoftwareperformanceoolsdeveloped

to identify bottlenecksn the existing operatingsystemstructures.



1 Intr oduction

A major roadblockto realizing scalableperformanceon a shared-memorynultiprocessosystemis the
amountof datatransferredbetweenprocessoicaches(and processingnodes). Ideally we would like to
schedulgobs on processor®r partition our dataeffectively to minimize this interprocessoor internode
bus traffic. If we can captureworkload characteristicshrough hardwaremonitoring and relate it to
internodebus traffic, we can make specific changeso improve upon various aspectsf the operating
systemresponsibldor suchfunctionsastask schedulingand memoryallocation.

This paperdescribesin AS/400-basegrototypingstudyaimedatimprovingmultiprocessoscalability
for coarse-grainegarallelcommercial(transaction-basedpplications.The systemstructureconsidered
herecomprisedour single-processodistributedprocessinghodes.Eachnodecontaingts own physically
distributednodememory Figure 1 showsthe basic configurationof our hardwaresystem. While our
prototypesystemcontainsonly four nodes,we depicta systemcontainingadditionalnodessincewe are
interestedn studyinghigherdegreesf scalability Eachlocal memoryis fully accessibldrom all other
nodes,so that the combinednode memoriesappearto be a single,linear addressspace. The nodesare
connectedby busesor switchedlinks. The operatingsystem,althoughpartially partitioned,presentsan
imageof a homogeneouanultiprocessosystem.Although similar systemshaverecentlybeenexplored
[1, 2], the developmentproducedby thesestudieshave beenlimited to memorymanagementardware
and memory consistencypolicies. The workloadsusedin thesestudieshave beenlimited to scientific
and engineeringapplicationq 3, 4]. We focusinsteadon possiblemodificationsto the operatingsystem
structuresand evaluatethesemodificationswhile runningcommercialapplications.

A prototypesystemhasbeenconstructedo assesscalabilityon our CC-NUMA system.The proto-

type hardwareconsistf four single-processpbus-connectedodes eachwith its own assignegortion
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Figurel: CC-NUMA AS/400prototypesystem

of physicalmemory This systemwas originally designedo function asa tightly-coupledfour-processor
system but by making substantiathangedo the memoryallocationandtask schedulingportionsof the
operatingsystem,we have beenable to embeda distributedsystemstructurewithin a tightly-coupled
AS/400system.

The prototypesoftwarecomprisesa modified, object-basedDS/400commercialoperatingsystem[5]
andtwo transactiomprocessindgenchmarksThe prototypewasmodifiedto obtaincomplete object-typed
referencetraces,aswell asinstrumentatiorsamples With everytracedmemoryreferencewe areableto
identify its sourceand destinationon our system,aswell asthe sourceof the referencein the operating
systemor userapplication.

By using the tracesand instrumentatiordata obtainedon the prototype,changeswvere madein the
task-dispatchingndpage-allocatiorlgorithmsof the operatingsystemandfurthertraceswerecollected.
The conclusionwas that internodereferencetraffic could ultimately be reducedsufficiently to achieve
nearlinear scalabilityon a systemcomprisingl6 processorsunningtransactiorprocessingapplications.

While other CC-NUMA studieshavedemonstratethigherdegreesf scalability not oneof thesestudies



hasaddressedransactiorprocessingpplicationenvironments.

This paperdescribes/ariousaspectf the prototypeproject, includingthe systemmaodificationsand
systemmonitoringtools,aswell asproposednodificationgo thefinal systemandaccompanyingperating
systemsoftware. Section2 addressea numberof CC-NUMA designissues.Section3 examineghe set
of tools we have developedfor this research.Sections4 and 5 provide resultswhich demonstratehe

power of havingthesetools available. Section6 concludeswith a summaryof this work.

2 Distributed shared memory issues

Flynn’s well-known classificationof computersystemsdivides machinesinto four categories: single
instructionsingle data (SISD), single instructionmultiple data (SIMD), multiple instructionsingle data
(MISD), and multiple instruction multiple data (MIMD). This taxonomyis basedon the amountof
parallelismpresentin the instructionstreamand the datastream[6]. A bettermodelfor differentiating
the multiprocessomachinesf todayis to classifythemon the basisof memoryorganization.The model
structurechosenfor our prototypesystemcan be classifiedas a nonuniformmemoryaccess(NUMA)
machine[7] or, more generally a distributedsharedmemory (DSM) machine. The specific model we
discusds called CC-NUMA (cachecoherenton-uniformmemoryaccess).

A CC-NUMA systemocatesa pool of local memoryneareachprocessarEachprocessoadditionally
hasaccesdo the local memoriesof everyotherprocessar The costof accessingionlocalmemory(i.e.,
addresseshat resolveto memorylocal to other processorsj)s typically much greaterthan the cost of
accessindocal memory This costis a combinationof the greaterlatency (i.e., electrical distance)to
nonlocalmemoryand the contentionencounteredn the processor/memorinterconnect. Local caches

are provided,andall cachesare maintainedo supporta singleimageof coherentmemory This requires



substantiacommunicatiorbetweennodeswheninternodeaccessesake place.

The key designissueaddressedby this prototypestudyis how to minimize the numberof internode
memoryreferencegyeneratedy commercialprocessingvorkloads(TPC-A [8, 18] and RAMP/C [19)).
A major barrier to scalableperformanceon CC-NUMA machinesis the large latency associatedvith
internodereferences.To capturethe causeof internodereferencesequiresprecisemeasurementf the
occurrenceand sourceof all memory accesses.We needto identify which applicationor operating
systemcomponengeneratedhe memoryreference and what datatype (read/write)or objectclasswas
the target of the reference. To measurehesereferenceparametershigh-resolutionsystemmonitoring
tools were developed,and changesto the memory-allocationand task-dispatchingalgorithmsof the
OS/4000peratingsystemwere madeto supportthesetools. The dataobtainedallow preciseprediction
of the gainsassociatedvith plannedoperatingsystemmaodifications.

CC-NUMA systemsare specifically designedwith the assumptiorthat most memoryaccessesvill
be resolvediocally on the requestinghode. To betterunderstandhe impactof memoryaccesdatencies,
ananalyticalmodelof our proposedCC-NUMA systenwasdeveloped.The modeldevelopedhe worst-
casescenariothat could be tolerated,while still achievingscalableperformance. The modelincluded
submodel®f the memory local busarchitecture AS/400processqgrandscalableinterconnectechnology
which would be availableduring the developmentimeframeof this system.Basedon this model,for our
CC-NUMA systemto achievenearlinear scalability (i.e., performanceancreasinglinearly as additional
processorsare added),internode(betweentwo bus-basedode clusters)accessesieedto be limited to
lessthan5% of all accesses.

To reachthis level of referencdocality, incrementakystemsoftwarechangesvere made. After each

setof changesvere implementedadditionalmeasurementaere made,and simulationswere performed
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to judgetheeffect. Theresultis a seriesof systemmodificationsrequiredto achievescalableperformance.

Next, we describethe tracingand monitoringtools usedto identify the causef internodetraffic.

3 Typedtraceson a CC-NUMA machine

Tracedatahavecommonlybeenusedto evaluatedesigntrade-ofs of proposeccomputersystemq9, 10,
11]. Traceshavebeenusedto evaluatethe performanceof memoryhierarchieg 12, branchpredictors

[13] andcomputerpipelines[14]. Many issuesare associatedvith obtainingusefultracedata:

1. tracingoverhead how is the systemperturbedin orderto log a tracesample.
2. tracecontent- whatis the amountof datanecessaryo captureper tracesample.

3. tracelength - what is the appropriatenumberof recordsto capturefor the proposedsimulation

study

4. tracingspeed- whatis the peaktracerecordproductionrate on the systemundertest.

A discussionof theseissuescan be found in [15]. While many of theseproblemsapply to any
tracingenvironmenttracingin a distributedmultiprocessoenvironmentntroducesa numberof additional

concerns:

1. multiple executionstreams- parallelcaptureand accuratetime stampingbecomean issuehere.

2. synchronization any perturbationof the systemcan skewthe interactionbetweenmultiple, com-

petingtasks,generatinga very differentaccessstream.

3. timing dependencies multiple tasksmay be requestingservicefrom a shareddevice (e.g., disk)

which runsin real time.



A discussiorof theseconcernscan be foundin [16]. Many of theseproblemsoccuronly whenwe
attemptto usea tracetakenfrom one multiprocessosystemasinput to a simulationof a secondsystem.
It is difficult to predicthow a trace obtainedon one CC-NUMA machinewould executeon a second
machinewith a differenthardwareorganization. The orderingof executionsmay differ greatly because
of changesn queuingeffectsandshareddataaccess.n this work we do not attemptto usethe tracesfor
this purpose(thoughwe have usedthesetracesto obtain cachemissinformation). Instead,we usethe
traceinformationto identify which elementsn the operatingsystemanduserapplicationsareresponsible

for internodeaccesses.

3.1 Real-Time Tracing and Instrumentation

To enableusto quantifytheimpactof our operatingsystemchangesndto predicttheimpactof proposed
changesprecisetracing hardwareand softwaretools were developed.In additionto allowing tracesto
be gatheredn realtime(i.e., without slowing down the system) we also providethe capabilityto profile
the referencepatternsby an object’s type. Figure 2 showshow the monitoring systeminterfacesto the
prototypesystem. Again note that our prototypecontainsonly four nodes,while we depict a system
containingadditionalnodes.

HooksareinsertedhroughanadditionalAS/400memorycardwhich monitorsall accesse® memory
(the busis effectively “snooped”). This fifth memorycardis fully addressablé&om all processorén the
system. A daughtercard was designedhat sits on top of the fifth memorycard. The daughtercardis
addressedsinga portionof theaddressangeof thefifth memorycard. This daughteicardcontainsdual-
ported SRAM which maintainsinformation for all objecttypes currently presentin physicalmemory
This SRAM can be written to or read from by any processar The hardwaretools rely on software

modificationsto allow for the creationof object-typedinformationto be storedin the SRAM.
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Figure 2: Tracingandinstrumentatia interfacing

Our tracecapturemethodologytakesadvantagef the fact thaton an AS/400system all userentities
and nearly all systementities are storedin separatevirtual memory segmentsand are treatedin an
object-basedashionby the operatingsystem.The virtual addresspaces partitionedinto temporaryand
transientranges.Eachpersistensegmenhasa permanentirtual addressallocatedfrom the permanent
range. Privatetaskobjectsare suballocatedrom specialstoragesegmentsor efficient swapping.Further
a protectecheaderin eachsegmentontainsor pointsto precisetype information. By usingthesevarious
pagetype identifiers, we are able to determinepagetype at memory allocation or page-intime with
minimal overhead.

This pagetypeinformationis stored(by the operatingsystemjn a memoryarray(onthedaughtercard
in thedual-portedSRAM) on our prototype. The memoryarray containsa byte of memoryfor everypage
in our physicaladdressspace.The operatingsystemwas modifiedto store pagetype informationin the
memoryarray whenevera pageis broughtinto memoryor is reallocated.This storedinformationallows

accesseto any particularpageto be uniquelyidentified. The cardmonitorsall memorybusaccesseand



indexesinto the SRAM to identify what type of accesss beingperformed.This informationis readout
andrecorded,alongwith the addressrequestingorocessoiD, read/writeindication,and accesdength,
andis capturedby a real-timetracing system(see[17] for a descriptionof this system). The real-time
tracing systemallows for captureof trace datawithout significantly perturbingthe traced system(at a
sustainedate of 25 megasampleper second).Any introducedoverheadappearsduring an initial page
allocation. The pagetype is dynamicallydeduced,and a storeis issuedto the pagetype array This
resultsin afew extrainstructionsbeingissuedon pageallocationswhich aretypically infrequentevents.
In additionto collecting a finite-lengthtrace (64 million samples)we havethe capabilityto count
the variousaccesgypeson our prototypesystem.We provide a bank of fast counterswhich effectively
gives us an infinite time sample. The counterinstrumentationconstructedout of programmablearray
logic) breaksdown the accesse®n the basisof: requestingporocessoiD, target nodememory access
type, andread/write. While object-typecountshaveprovento be usefulin our work, they fail to capture
the temporalpatternsassociatedvith memoryaddresseskFor this reasonwe useboth sourcesof datato

guide our work.

3.2 Target workload

Two different workloadsare usedin this work. RAMP/C is an IBM proprietarybenchmarkusedto
evaluatetransactionprocessingperformanceg19]. It consistsof transactionf four complexity levels
in accessingnultiple datafiles. The files are in sequentialyandom,and indexedorganizationsandthe
files are sharedamongtransactions. TPC-A is an industry standardbenchmarkwhich is basedon the
DebitCredittransactionprocessingoenchmark.An excellentdiscussiorof the TPC benchmarksan be

foundin [8].
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4 Object-typed performance data

To demonstratehe utility of traceandinstrumentationnformation,we provideexamplegakenfrom our
prototypeprojectresultswhich were usedto identify the barriersto scalabilityon our system.We began
by studyingthe accesgatternson our unmodifiedsystem.Fromthesedata,we were ableto plana series
of modificationsto the softwaresystemwhich would limit the numberof internodereferences.

Figure 3 plots the percentageof all accesseper objecttype classification. Thesecategorieswere
chosento be semanticallymeaningfuland predictively useful. Each categoryrepresentsas much as
possiblea collection of homogeneouslysed pages. Where necessaryreferencesto individual data
structuressuchas single locks within a page,were isolated. Each categoryis representedby a unique
bit patternin the object type memory Further eachcategoryrepresentsa group of referenceswhich
will be predictablyaffectedby systemmodifications.The datawere capturedusingthe monitoringtools

describedpreviously
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TYPE DESCRIPTION

PagOW PagNo,| Pag(processaccesggroup)is a containerfor process-specifi,emporarystor
PagTC ageincluding invocationwork areas,programautomatic/statistorageareas,

andfile/datapathinformation

PRODb;j processcontrol blocks

StkFR call stacksusedin savingstatesfor calls betweenuserprocessand operating
systemfunctions

IOPrm I/O requestblocks containingparameterso be passedo I/O controllers

Tablel: Procesbjects

4.1 Objecttypes

We take advantageof the fact that our AS/400 systemmakesuse of its object-basechature. Object
reference®n an AS/400systemcanbe identifiedwith a fairly fine granularity First, objectsaregrouped
into one of three categories:1) process(objectsusedby the operatingsystemin direct supportof a
users process)?2) operatingsystem(objectsidentifiedasoperatingsystemdatastructuresandcodes,and
notidentified with any userprocesses)and 3) sharedapplication(objectsusedby processesind system
services).Processpperatingsystemandsharedapplicationobjectsaredescribedn Tables 1, 2 and 3,
respectively

In Figure 3, we seemarkedsimilaritiesbetweenthe two workloads. More than50% of the memory
accessegeneratedy bothworkloadsare referencego temporarystoragefor a processandnonpageable
operatingsystemcode. The latter is not surprisingsince the OS/400databasesystemis incorporated

directly into the operatingsystem.
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TYPE DESCRIPTION

PRDir primary storagedirectorywhich is embeddedn the invertedpagetablesused
in virtual addresgranslation

AxDir auxiliary storagedirectories;usedto control allocationandallocationof disk
space

MKDat systemmicrocodedataincluding processorelatedcontrol information

MKCod systemmicrocodedor implementingcomplexsysteminstructions

KRCod nonpageableperatingsystenmcodes excludingstoragemanagemeriunctions

PGSys nonpageableodesfor storagemanagemenfunctions

KRDat nonpageableperatingcontrol blocks, excludingthosefor storagemanage-
mentfunctions

PGDat nonpageablestorage managementontrols, including storage management
locks

OSPag pageableoperatingsystemcodes

GbST transientstorage(heaps)for operatingsystemfunctions

VALTD nonpageabléemporarystorageobjects,excludingStkFR and PRobj objects

Table2: Operatingsystemobjects

12



TYPE DESCRIPTION

LckTB system-widelocking tables; infrastructureto supportlock/unlock high-level
instructions
NonDB permanenibjects; data and codesof userapplicationand systemservices

which are not flaggedas databasebjects

DBODbj databasebjects,includingindices

Temps temporaryobjects;datausedby applicationsand systemservices

Table 3: Sharedapplicationobjects

This objecttype breakdownis usedto identify which objectreferencesn the systemareresponsible
for internodereferences.

Figure 4 showsthe breakdownof readsversuswrites, and local versusnonlocal, for eachobject
classificatiorwhenrunning TPC-A. The Reads bar indicatesthe percentagef accessesvhich arereads
(one hundred,minusthis percentages the percentageof accessesvhich are writes). The Locality bar
indicatesthe percentagef accessesvhich are resolvedin the local memory (one hundred,minusthis
percentages the percentagef accessesesolvedin nonlocalmemory). We focusheavily on the locality
results,sincethe succes®f our prototypeprojectis heavilydependenon limiting the numberof internode

references.

5 SystemModifications

Thefollowing describeghe stagedchangeso the OS/400operatingsystemthathadto be madeto obtain

near linear speedupon our proposedl6-processosystem. Thesechangesare selectedand evaluated

13
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using the captureddata on our prototype. Rememberthat our prototype consistsof a four-processar
single processorper node, CC-NUMA system,and that we are projecting resultsto a 16-processor
four processorper node, CC-NUMA system. To supportthe validity of our results,we also captured
measurementsn a four-processartightly-coupledmultiprocessosystem(i.e., the equivalentto a single
nodeon an 16-processoCC-NUMA system).

Rememberthat our goal was to limit the numberof internodereferences. We followed a set of
incrementalchangego our systemto reachthis goal. While it is beyondthe scopeof the prototyping
projectto implementall of thesechangeswe are ableto estimatetheir effect on referencelocality from
the datacapturingusingthe instrumentatioriools availableon our CC-NUMA machine.

In Figure5 we movethrougha seriesof stagesstartingwith the Original stage which representsur
original unmodifiedOS/4000peratingsystem.Stage 1 implementschangeso taskdispatchingand page

allocation. The task dispatchingchangesmadeto our OS/400systeminvolved modifying dispatching

14
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structuresto enforce node affinity [21]. The main idea hereis to reschedulgobs on the node where
they last ran (not necessariljthe sameprocessorjnsteadof migratingthemto othernodes. This will
limit the numberof internodereferenceslueto job migration. Changego the pageallocationmechanism
involvedvariousstrategiedor placingnewly allocatedmemory(on which nodeshouldtherequestegage
be placed). Experimentationvas done on allocatingmemoryon the requestingor faulting task node,
and basingthis decisionon the type of pagethat was being requestede.g., the Pag objects,database
data, operatingsystemcontrol areas). Since OS/400is object-basedeachpagehasa uniquetype that
is identifiableuponallocation. Making thesetwo major changedo the operatingsystem,we were able
to cut the numberof internodereferencedo 50%. Stage 2 implementsthe useof local memoryfor the
stackframes(StkFR), IO parameteiblock areas(IOPrm), and processobjects(PRObj). The internode

referencesvere reducedan additional5%.
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The remainderof the changeglescribedare basedon measurementgroducedusingthe customized
instrumentatiorfacilities. We specifically capturedthe countsof readand write datafor both local and
nonlocalreferencesso that we were well positionedto makethere projectionsaccurately The validity

of the projectednumbersis basedon the following assumptions:

¢ local clockingmechanismslo to introducesignificantoverheado eachnode(they shouldactually

simplify someoperations).

e thatany of thesechangesdo not severelychangethe referencelocality of accesseso other data

typesin the system.

¢ thechangesn technologydo not severelyperturbthe accesgatternghatwe are currently seeing.

¢ sufficient memoryis addedto the systemto allow for the increasen codesize generatedy code

replicationand CISC-to-RISC codeexpansions.

The next stageimplementsR/ORep(read-onlyreplication). In Stage 3, all read-onlyareasare repli-
catedacrosseachnode. Theseareasinclude sharedapplicationand servicecodes(portionsof NonDB),
systemmicrocodegMKCod), and operatingsystemcodes(OSPag). This is a sizeableimprovementas
canbeenseenin Figure5.

Sage 4 changesncludemodificationsto the primary pagetable, hashtables(PRDir, the AS/400uses
an invertedpageTable [20Q]), servicingof IO interruptsby the requestingprocessorglOPrm allocated
by local node should be servicedby local node), and replicationof the hardwareclock on eachnode
(portionsof MKDat).

Changesn Stage 5 addressmodificationsto the storagemanagemeniocking structuresto provide

node-basedocks in a hierarchical partitioning (PGDat, AxDir), and replicating servertaskson each

16



node(e.g., hardwareclock servicesand IO servicetasks). This pushedocality to the 95% local line, as
indicatedin Figure5.

As the AS/400 platform movesto a PowerPC-basegrocessara naturalcode expansiorwill take
place(causedy movingfrom a CISC architectureo a RISC architecture).This will furtherincreasehe
locality of the code (estimatedo be approximatelyl%). This is accountedor in Stage 6.

We wereableto effectively isolatethe systemsoftwarethatwasresponsibldor a large percentagef
the internodememoryreferenceson our prototypesystem. Througha seriesof changesand additional
instrumentatiorruns, we were ableto designa systemthat will providelinear scalableperformancepup
to 16 processorsVery few systemgoday canboastsuchaggressivespeed-upgespeciallywhenrunning

transaction-processingorkloads.

6 Conclusions

The resultsof this studyhavebeenusedto influencefuture CC-NUMA designswithin IBM. The insight
providedby this studywould not havebeenpossiblewithout the availability of suchdetailedperformance
data. We feel thatthe typed addresdrace approachusedin this prototypestudyis a novel approacho
providing softwaredesignerswith insightinto how their operatingsystemsand systemsoftwareexecute
on CC-NUMA machines.

Severalimportantconclusiondollow from the dataobtainedusingtheseinstrumentatia tools. Firstis
the quantitativeobservatiorthatshareduserobjects(i.e., databas@bjectsandassociatedbcks) play only
asmallrole in the total referencegeneratedy transactiorprocessingvorkloads,anda correspondingly
small role in CC-NUMA exploitation. We observedonly approximately5% of the total referencego

thesecategoriesIn markedcontrasto engineering/scientifizorkloads,commerciatransactionsypically

17



performonly simpledatamanipulationdut requirecomplexsystemsupport.

Second systemandusercode,aswell as processobjectsand structuresareresponsibldor the bulk
of all references.We observedapproximately80% of all referencedo thesecategories.Thus,for these
transaction-basedorkloads,replicationof read-onlypagesis absolutelycrucial in reducingthe number
of nonlocalreferences. Equally critical, processpagesmust be placedlocal to the owning processat
initial pageallocation. The remainingreferencesre madeto a diversesetof systemobjects(i.e., tables,
indexes,synchronizatiorvariables). Thesemustbe partitionedas muchas possible.

Finally, to carry out correct pageplacementat page-intime, the OS mustbe structuredto provide
semantichints aboutpage content. This is a requirementfor all but the mostcursory pageplacement.
In our case,importantOS componentsare structuredas objects storedin virtual memory segments
with protected self-typing headers.Furtherhints are providedthroughthe virtual addressesssignedo
persistenand temporaryobjects.

We would like to acknowledgethe significanttechnicalcontributionsof Dwight Refrew and Valerie
Nelson. AS/400, OS/400,and PowerPCare registeredtrademarksof InternationalBusinessMachines

Corporation. TPC-A is a trademarkof the TransactiorProcessing?erformanceCouncil.
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