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Abstract

Cache-coherentnonuniform memory access(CC-NUMA) machineshave been shown to be a

promisingparadigmfor exploitingdistributedexecution.CC-NUMA systemscanprovideperformance

typicallyassociatedwith parallelmachines,withoutthehighcostassociatedwith parallelprogramming.

This is becausea singleimageof memoryis providedon a CC-NUMA machine.

Past researchon CC-NUMA machineshas focusedon modificationsto the memory hierarchy,

interconnecttopologyandmemoryconsistencyprotocols,which which areall areascritical to achiev-

ing scalableperformance.The researchdescribedhereexpandsthis focus to issuesassociatedwith

operatingsystemstructureswhich can increasesystemscalability. We describea hardware/software

prototyping study which investigateshow changesto the operatingsystemof a commercial IBM

AS/400 systemcan provide scalableperformancewhen running transactionprocessingworkloads.

The projectdescribedwasa joint effort betweenresearchersat the IBM ThomasJ. WatsonResearch

Centeranda teamfrom the AS/400developmentlaboratoryin Rochester, Minnesota.

Thispaperdescribesvariousaspectsof theproject,includingchangesmadeto theoperatingsystem

to enablescalableperformance,andtheassociatedhardwareandsoftwareperformancetoolsdeveloped

to identify bottlenecksin the existingoperatingsystemstructures.
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1 Intr oduction

A major roadblockto realizingscalableperformanceon a shared-memorymultiprocessorsystemis the

amountof datatransferredbetweenprocessorcaches(and processingnodes). Ideally we would like to

schedulejobs on processorsor partitionour dataeffectively to minimize this interprocessoror internode

bus traffic. If we can captureworkload characteristicsthroughhardwaremonitoring and relate it to

internodebus traffic, we can makespecificchangesto improve upon variousaspectsof the operating

systemresponsiblefor suchfunctionsastaskschedulingandmemoryallocation.

ThispaperdescribesanAS/400-basedprototypingstudyaimedat improvingmultiprocessorscalability

for coarse-grainedparallelcommercial(transaction-based)applications.The systemstructureconsidered

herecomprisesfour single-processor, distributedprocessingnodes.Eachnodecontainsits ownphysically

distributednodememory. Figure 1 showsthe basicconfigurationof our hardwaresystem. While our

prototypesystemcontainsonly four nodes,we depicta systemcontainingadditionalnodessincewe are

interestedin studyinghigherdegreesof scalability. Eachlocal memoryis fully accessiblefrom all other

nodes,so that the combinednodememoriesappearto be a single, linear addressspace.The nodesare

connectedby busesor switchedlinks. The operatingsystem,althoughpartially partitioned,presentsan

imageof a homogeneous,multiprocessorsystem.Althoughsimilar systemshaverecentlybeenexplored

[1, 2], the developmentsproducedby thesestudieshavebeenlimited to memorymanagementhardware

and memoryconsistencypolicies. The workloadsusedin thesestudieshavebeenlimited to scientific

andengineeringapplications[3, 4]. We focus insteadon possiblemodificationsto the operatingsystem

structuresandevaluatethesemodificationswhile runningcommercialapplications.

A prototypesystemhasbeenconstructedto assessscalabilityon our CC-NUMA system.Theproto-

typehardwareconsistsof four single-processor, bus-connectednodes,eachwith its own assignedportion
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Figure1: CC-NUMA AS/400prototypesystem

of physicalmemory. This systemwasoriginally designedto functionasa tightly-coupledfour-processor

system,but by makingsubstantialchangesto thememoryallocationandtaskschedulingportionsof the

operatingsystem,we havebeenable to embeda distributedsystemstructurewithin a tightly-coupled

AS/400system.

Theprototypesoftwarecomprisesa modified,object-based,OS/400commercialoperatingsystem[5]

andtwo transactionprocessingbenchmarks.Theprototypewasmodifiedto obtaincomplete,object-typed

referencetraces,aswell asinstrumentationsamples.With everytracedmemoryreferencewe areableto

identify its sourceanddestinationon our system,aswell as the sourceof the referencein the operating

systemor userapplication.

By using the tracesand instrumentationdataobtainedon the prototype,changeswere madein the

task-dispatchingandpage-allocationalgorithmsof theoperatingsystem,andfurthertraceswerecollected.

The conclusionwas that internodereferencetraffic could ultimately be reducedsufficiently to achieve

near-linearscalabilityon a systemcomprising16 processorsrunningtransactionprocessingapplications.

While otherCC-NUMA studieshavedemonstratedhigherdegreesof scalability, not oneof thesestudies
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hasaddressedtransactionprocessingapplicationenvironments.

This paperdescribesvariousaspectsof theprototypeproject,includingthesystemmodificationsand

systemmonitoringtools,aswell asproposedmodificationsto thefinal systemandaccompanyingoperating

systemsoftware.Section2 addressesa numberof CC-NUMA designissues.Section3 examinestheset

of tools we havedevelopedfor this research.Sections4 and 5 provide resultswhich demonstratethe

powerof havingthesetools available.Section6 concludeswith a summaryof this work.

2 Distributed sharedmemory issues

Flynn’s well-known classificationof computersystemsdivides machinesinto four categories: single

instructionsingledata(SISD), single instructionmultiple data(SIMD), multiple instructionsingledata

(MISD), and multiple instruction multiple data (MIMD). This taxonomy is basedon the amountof

parallelismpresentin the instructionstreamand the datastream[6]. A bettermodel for differentiating

themultiprocessormachinesof todayis to classifythemon thebasisof memoryorganization.Themodel

structurechosenfor our prototypesystemcan be classifiedas a nonuniformmemoryaccess(NUMA)

machine[7] or, more generally, a distributedsharedmemory(DSM) machine. The specificmodel we

discussis calledCC-NUMA (cachecoherentnon-uniformmemoryaccess).

A CC-NUMA systemlocatesa poolof localmemoryneareachprocessor. Eachprocessoradditionally

hasaccessto the local memoriesof everyotherprocessor. The costof accessingnonlocalmemory(i.e.,

addressesthat resolveto memory local to other processors)is typically much greaterthan the cost of

accessinglocal memory. This cost is a combinationof the greaterlatency (i.e., electricaldistance)to

nonlocalmemoryand the contentionencounteredin the processor/memoryinterconnect.Local caches

areprovided,andall cachesaremaintainedto supporta singleimageof coherentmemory. This requires
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substantialcommunicationbetweennodeswheninternodeaccessestakeplace.

The key designissueaddressedby this prototypestudyis how to minimize the numberof internode

memoryreferencesgeneratedby commercialprocessingworkloads(TPC-A [8, 18] andRAMP/C [19]).

A major barrier to scalableperformanceon CC-NUMA machinesis the large latencyassociatedwith

internodereferences.To capturethe causeof internodereferencesrequiresprecisemeasurementof the

occurrenceand sourceof all memory accesses.We needto identify which applicationor operating

systemcomponentgeneratedthe memoryreference,andwhat datatype (read/write)or objectclasswas

the target of the reference. To measurethesereferenceparameters,high-resolutionsystemmonitoring

tools were developed,and changesto the memory-allocationand task-dispatchingalgorithmsof the

OS/400operatingsystemwere madeto supportthesetools. The dataobtainedallow preciseprediction

of the gainsassociatedwith plannedoperatingsystemmodifications.

CC-NUMA systemsare specificallydesignedwith the assumptionthat most memoryaccesseswill

be resolvedlocally on the requestingnode.To betterunderstandthe impactof memoryaccesslatencies,

ananalyticalmodelof our proposedCC-NUMA systemwasdeveloped.Themodeldevelopedtheworst-

casescenariothat could be tolerated,while still achievingscalableperformance.The model included

submodelsof thememory, local busarchitecture,AS/400processor, andscalableinterconnecttechnology

which would beavailableduringthedevelopmenttimeframeof this system.Basedon this model,for our

CC-NUMA systemto achievenear-linear scalability (i.e., performanceincreasinglinearly as additional

processorsare added),internode(betweentwo bus-basednodeclusters)accessesneedto be limited to

lessthan5% of all accesses1.

To reachthis level of referencelocality, incrementalsystemsoftwarechangesweremade.After each

setof changeswere implemented,additionalmeasurementsweremade,andsimulationswereperformed

1IBM internalcommunication
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to judgetheeffect. Theresultis aseriesof systemmodificationsrequiredto achievescalableperformance.

Next, we describethe tracingandmonitoringtools usedto identify the causesof internodetraffic.

3 Typed traceson a CC-NUMA machine

Tracedatahavecommonlybeenusedto evaluatedesigntrade-offs of proposedcomputersystems[9, 10,

11]. Traceshavebeenusedto evaluatethe performanceof memoryhierarchies[12], branchpredictors

[13] andcomputerpipelines[14]. Many issuesareassociatedwith obtaininguseful tracedata:

1. tracingoverhead- how is the systemperturbedin order to log a tracesample.

2. tracecontent- what is the amountof datanecessaryto captureper tracesample.

3. trace length - what is the appropriatenumberof recordsto capturefor the proposedsimulation

study.

4. tracingspeed- what is the peaktracerecordproductionrateon the systemundertest.

A discussionof theseissuescan be found in [15]. While many of theseproblemsapply to any

tracingenvironment,tracingin adistributedmultiprocessorenvironmentintroducesanumberof additional

concerns:

1. multiple executionstreams- parallelcaptureandaccuratetime stampingbecomean issuehere.

2. synchronization- any perturbationof the systemcanskewthe interactionbetweenmultiple, com-

petingtasks,generatinga very differentaccessstream.

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

which runsin real time.
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A discussionof theseconcernscan be found in [16]. Many of theseproblemsoccuronly whenwe

attemptto usea tracetakenfrom onemultiprocessorsystemasinput to a simulationof a secondsystem.

It is difficult to predict how a traceobtainedon one CC-NUMA machinewould executeon a second

machinewith a differenthardwareorganization.The orderingof executionsmay differ greatlybecause

of changesin queuingeffectsandshareddataaccess.In this work we do not attemptto usethetracesfor

this purpose(thoughwe haveusedthesetracesto obtaincachemiss information). Instead,we usethe

traceinformationto identify which elementsin theoperatingsystemanduserapplicationsareresponsible

for internodeaccesses.

3.1 Real-Time Tracing and Instrumentation

To enableusto quantifytheimpactof our operatingsystemchangesandto predicttheimpactof proposed

changes,precisetracing hardwareand softwaretools were developed.In additionto allowing tracesto

begatheredin realtime(i.e., without slowingdown thesystem),we alsoprovidethecapabilityto profile

the referencepatternsby an object’s type. Figure 2 showshow the monitoringsysteminterfacesto the

prototypesystem. Again note that our prototypecontainsonly four nodes,while we depict a system

containingadditionalnodes.

HooksareinsertedthroughanadditionalAS/400memorycardwhichmonitorsall accessesto memory

(thebusis effectively “snooped”).This fifth memorycardis fully addressablefrom all processorsin the

system.A daughtercard was designedthat sits on top of the fifth memorycard. The daughtercard is

addressedusinga portionof theaddressrangeof thefifth memorycard. Thisdaughtercardcontainsdual-

portedSRAM which maintainsinformation for all object typescurrently presentin physicalmemory.

This SRAM can be written to or read from by any processor. The hardwaretools rely on software

modificationsto allow for the creationof object-typedinformationto be storedin the SRAM.
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Figure2: Tracingandinstrumentation interfacing

Our tracecapturemethodologytakesadvantageof thefact thaton anAS/400system,all userentities

and nearly all systementities are stored in separatevirtual memory segmentsand are treatedin an

object-basedfashionby theoperatingsystem.Thevirtual addressspaceis partitionedinto temporaryand

transientranges.Eachpersistentsegmenthasa permanentvirtual addressallocatedfrom the permanent

range.Privatetaskobjectsaresuballocatedfrom specialstoragesegmentsfor efficient swapping.Further,

a protectedheaderin eachsegmentcontainsor pointsto precisetype information. By usingthesevarious

pagetype identifiers, we are able to determinepagetype at memoryallocationor page-intime with

minimal overhead.

Thispagetypeinformationis stored(by theoperatingsystem)in a memoryarray(on thedaughtercard

in thedual-portedSRAM) on our prototype.Thememoryarraycontainsa byteof memoryfor everypage

in our physicaladdressspace.The operatingsystemwasmodifiedto storepagetype informationin the

memoryarraywhenevera pageis broughtinto memoryor is reallocated.This storedinformationallows

accessesto anyparticularpageto beuniquelyidentified. Thecardmonitorsall memorybusaccessesand
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indexesinto the SRAM to identify what typeof accessis beingperformed.This informationis readout

andrecorded,alongwith the address,requestingprocessorID, read/writeindication,andaccesslength,

and is capturedby a real-timetracingsystem(see[17] for a descriptionof this system).The real-time

tracing systemallows for captureof tracedatawithout significantly perturbingthe tracedsystem(at a

sustainedrate of 25 megasamplesper second).Any introducedoverheadappearsduring an initial page

allocation. The pagetype is dynamicallydeduced,and a store is issuedto the pagetype array. This

resultsin a few extrainstructionsbeingissuedon pageallocations,which aretypically infrequentevents.

In addition to collectinga finite-lengthtrace(64 million samples),we havethe capability to count

the variousaccesstypeson our prototypesystem.We providea bankof fast counterswhich effectively

gives us an infinite time sample. The counterinstrumentation(constructedout of programmablearray

logic) breaksdown the accesseson the basisof: requestingprocessorID, target nodememory, access

type,andread/write.While object-typecountshaveprovento beusefulin our work, they fail to capture

the temporalpatternsassociatedwith memoryaddresses.For this reasonwe useboth sourcesof datato

guideour work.

3.2 Target workload

Two different workloadsare usedin this work. RAMP/C is an IBM proprietarybenchmarkusedto

evaluatetransactionprocessingperformance[19]. It consistsof transactionsof four complexity levels

in accessingmultiple datafiles. The files are in sequential,random,and indexedorganizations,and the

files are sharedamongtransactions.TPC-A is an industry standardbenchmarkwhich is basedon the

DebitCredittransactionprocessingbenchmark.An excellentdiscussionof the TPC benchmarkscan be

found in [8].

9



Lck
TB

NonDB
DBObj

Temps

PagOW
PagNO

PagTC
PRObj

StkF
R

IO
Prm

PRDir
AXDir

MKDat

MKCod

KRCod

PGSys

KRDat

PGDat

OSPag
GbST

VALTD
0

5

10

15

20

25

30

35

System object types

T
ot

al
 m

em
or

y 
ac

ce
ss

es
 (

%
)

Shared Process System

Figure3: Accessby object type: RAMPC (dark bars)andTPC-A (light bars)

4 Object-typed performance data

To demonstratetheutility of traceandinstrumentationinformation,we provideexamplestakenfrom our

prototypeprojectresultswhich wereusedto identify the barriersto scalabilityon our system.We began

by studyingtheaccesspatternson our unmodifiedsystem.Fromthesedata,we wereableto plana series

of modificationsto the softwaresystemwhich would limit the numberof internodereferences.

Figure 3 plots the percentageof all accessesper object type classification. Thesecategorieswere

chosento be semanticallymeaningfuland predictively useful. Each categoryrepresentsas much as

possiblea collection of homogeneouslyused pages. Where necessary, referencesto individual data

structures,suchassingle locks within a page,were isolated. Eachcategoryis representedby a unique

bit patternin the object type memory. Further, eachcategoryrepresentsa group of referenceswhich

will be predictablyaffectedby systemmodifications.The datawerecapturedusingthemonitoringtools

describedpreviously.
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TYPE DESCRIPTION

PagOW, PagNo,

PagTC

Pag(processaccessgroup)is a containerfor process-specifictemporarystor-

ageincluding invocationwork areas,programautomatic/staticstorageareas,

andfile/datapathinformation

PRObj processcontrol blocks

StkFR call stacksusedin savingstatesfor calls betweenuserprocessandoperating

systemfunctions

IOPrm I/O requestblockscontainingparametersto be passedto I/O controllers

Table1: Processobjects

4.1 Object types

We take advantageof the fact that our AS/400 systemmakesuse of its object-basednature. Object

referenceson anAS/400systemcanbe identifiedwith a fairly fine granularity. First, objectsaregrouped

into one of three categories:1) process(objectsusedby the operatingsystemin direct supportof a

user’s process);2) operatingsystem(objectsidentifiedasoperatingsystemdatastructuresandcodes,and

not identifiedwith any userprocesses);and3) sharedapplication(objectsusedby processesandsystem

services).Process,operatingsystem,andsharedapplicationobjectsaredescribedin Tables 1, 2 and 3,

respectively.

In Figure3, we seemarkedsimilaritiesbetweenthe two workloads.More than50% of the memory

accessesgeneratedby bothworkloadsarereferencesto temporarystoragefor a processandnonpageable

operatingsystemcode. The latter is not surprisingsince the OS/400databasesystemis incorporated

directly into the operatingsystem.
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TYPE DESCRIPTION

PRDir primarystoragedirectorywhich is embeddedin the invertedpagetablesused

in virtual addresstranslation

AxDir auxiliary storagedirectories;usedto control allocationandallocationof disk

space

MKDat systemmicrocodedataincludingprocessorrelatedcontrol information

MKCod systemmicrocodesfor implementingcomplexsysteminstructions

KRCod nonpageableoperatingsystemcodes,excludingstoragemanagementfunctions

PGSys nonpageablecodesfor storagemanagementfunctions

KRDat nonpageableoperatingcontrol blocks, excludingthosefor storagemanage-

mentfunctions

PGDat nonpageablestoragemanagementcontrols, including storagemanagement

locks

OSPag pageableoperatingsystemcodes

GbST transientstorage(heaps)for operatingsystemfunctions

VALTD nonpageabletemporarystorageobjects,excludingStkFRandPRobjobjects

Table2: Operatingsystemobjects
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TYPE DESCRIPTION

LckTB system-widelocking tables; infrastructureto supportlock/unlock high-level

instructions

NonDB permanentobjects;data and codesof user applicationand systemservices

which arenot flaggedasdatabaseobjects

DBObj databaseobjects,including indices

Temps temporaryobjects;datausedby applicationsandsystemservices

Table3: Sharedapplicationobjects

This object typebreakdownis usedto identify which objectreferencesin the systemareresponsible

for internodereferences.

Figure 4 showsthe breakdownof readsversuswrites, and local versusnonlocal, for eachobject

classificationwhenrunningTPC-A. The Reads bar indicatesthe percentageof accesseswhich are reads

(one hundred,minus this percentageis the percentageof accesseswhich are writes). The Locality bar

indicatesthe percentageof accesseswhich are resolvedin the local memory(one hundred,minus this

percentageis thepercentageof accessesresolvedin nonlocalmemory).We focusheavilyon the locality

results,sincethesuccessof ourprototypeprojectis heavilydependenton limiting thenumberof internode

references.

5 SystemModifications

Thefollowing describesthestagedchangesto theOS/400operatingsystemthathadto bemadeto obtain

near linear speedupon our proposed16-processorsystem. Thesechangesare selectedand evaluated
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Figure4: Accesscharacteristicsby object type (TPC-A): reads(dark bars);locality(light bars)

using the captureddata on our prototype. Rememberthat our prototypeconsistsof a four-processor,

single processorper node, CC-NUMA system,and that we are projecting results to a 16-processor,

four processorsper node,CC-NUMA system. To supportthe validity of our results,we also captured

measurementson a four-processor, tightly-coupledmultiprocessorsystem(i.e., the equivalentto a single

nodeon an 16-processorCC-NUMA system).

Rememberthat our goal was to limit the numberof internodereferences. We followed a set of

incrementalchangesto our systemto reachthis goal. While it is beyondthe scopeof the prototyping

project to implementall of thesechanges,we areableto estimatetheir effect on referencelocality from

the datacapturingusingthe instrumentationtools availableon our CC-NUMA machine.

In Figure5 we movethrougha seriesof stages,startingwith theOriginal stage,which representsour

original unmodifiedOS/400operatingsystem.Stage 1 implementschangesto taskdispatchingandpage

allocation. The task dispatchingchangesmadeto our OS/400systeminvolved modifying dispatching
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structuresto enforcenodeaffinity [21]. The main idea here is to reschedulejobs on the nodewhere

they last ran (not necessarilythe sameprocessor)insteadof migrating them to other nodes. This will

limit thenumberof internodereferencesdueto job migration. Changesto thepageallocationmechanism

involvedvariousstrategiesfor placingnewly allocatedmemory(on which nodeshouldtherequestedpage

be placed). Experimentationwas doneon allocatingmemoryon the requestingor faulting task node,

and basingthis decisionon the type of pagethat was being requested(e.g., the Pagobjects,database

data,operatingsystemcontrol areas). SinceOS/400is object-based,eachpagehasa uniquetype that

is identifiableuponallocation. Making thesetwo major changesto the operatingsystem,we were able

to cut the numberof internodereferencesto 50%. Stage 2 implementsthe useof local memoryfor the

stackframes(StkFR), IO parameterblock areas(IOPrm), and processobjects(PRObj). The internode

referenceswerereducedan additional5%.
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The remainderof the changesdescribedarebasedon measurementsproducedusingthe customized

instrumentationfacilities. We specificallycapturedthe countsof readandwrite datafor both local and

nonlocalreferencesso that we were well positionedto makethereprojectionsaccurately. The validity

of the projectednumbersis basedon the following assumptions:

� local clockingmechanismsdo to introducesignificantoverheadto eachnode(theyshouldactually

simplify someoperations).

� that any of thesechangesdo not severelychangethe referencelocality of accessesto other data

typesin the system.

� thechangesin technologydo not severelyperturbthe accesspatternsthatwe arecurrentlyseeing.

� sufficient memoryis addedto the systemto allow for the increasein codesizegeneratedby code

replicationandCISC-to-RISC codeexpansions.

The next stageimplementsR/ORep(read-onlyreplication). In Stage 3, all read-onlyareasare repli-

catedacrosseachnode. Theseareasincludesharedapplicationandservicecodes(portionsof NonDB),

systemmicrocodes(MKCod), andoperatingsystemcodes(OSPag).This is a sizeableimprovement,as

canbeenseenin Figure5.

Stage 4 changesincludemodificationsto theprimarypagetable,hashtables(PRDir, theAS/400uses

an invertedpageTable [20]), servicingof IO interruptsby the requestingprocessors(IOPrm allocated

by local nodeshouldbe servicedby local node),and replicationof the hardwareclock on eachnode

(portionsof MKDat).

Changesin Stage 5 addressmodificationsto the storagemanagementlocking structuresto provide

node-basedlocks in a hierarchicalpartitioning (PGDat, AxDir), and replicating server taskson each
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node(e.g.,hardwareclock servicesand IO servicetasks).This pusheslocality to the 95% local line, as

indicatedin Figure5.

As the AS/400 platform movesto a PowerPC-basedprocessor, a naturalcodeexpansionwill take

place(causedby movingfrom a CISC architectureto a RISC architecture).This will further increasethe

locality of the code(estimatedto be approximately1%). This is accountedfor in Stage 6.

We wereableto effectively isolatethesystemsoftwarethatwasresponsiblefor a largepercentageof

the internodememoryreferenceson our prototypesystem.Througha seriesof changesand additional

instrumentationruns,we were ableto designa systemthat will providelinear scalableperformance,up

to 16 processors.Very few systemstodaycanboastsuchaggressivespeed-up,especiallywhenrunning

transaction-processingworkloads.

6 Conclusions

The resultsof this studyhavebeenusedto influencefutureCC-NUMA designswithin IBM. The insight

providedby thisstudywould nothavebeenpossiblewithout theavailabilityof suchdetailedperformance

data. We feel that the typed addresstraceapproachusedin this prototypestudyis a novel approachto

providingsoftwaredesignerswith insight into how their operatingsystemsandsystemsoftwareexecute

on CC-NUMA machines.

Severalimportantconclusionsfollow from thedataobtainedusingtheseinstrumentation tools. First is

thequantitativeobservationthatshareduserobjects(i.e., databaseobjectsandassociatedlocks)play only

a small role in the total referencesgeneratedby transactionprocessingworkloads,anda correspondingly

small role in CC-NUMA exploitation. We observedonly approximately5% of the total referencesto

thesecategories.In markedcontrastto engineering/scientificworkloads,commercialtransactionstypically
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performonly simpledatamanipulationsbut requirecomplexsystemsupport.

Second,systemandusercode,aswell asprocessobjectsandstructures,areresponsiblefor the bulk

of all references.We observedapproximately80% of all referencesto thesecategories.Thus,for these

transaction-basedworkloads,replicationof read-onlypagesis absolutelycrucial in reducingthe number

of nonlocal references.Equally critical, processpagesmust be placedlocal to the owning processat

initial pageallocation.The remainingreferencesaremadeto a diversesetof systemobjects(i.e., tables,

indexes,synchronizationvariables).Thesemustbe partitionedasmuchaspossible.

Finally, to carry out correctpageplacementat page-intime, the OS must be structuredto provide

semantichints aboutpagecontent. This is a requirementfor all but the mostcursorypageplacement.

In our case, important OS componentsare structuredas objectsstored in virtual memory segments

with protected,self-typingheaders.Furtherhints are providedthroughthe virtual addressesassignedto

persistentandtemporaryobjects.

We would like to acknowledgethe significanttechnicalcontributionsof Dwight Refrew andValerie

Nelson. AS/400, OS/400,and PowerPCare registeredtrademarksof InternationalBusinessMachines

Corporation.TPC-A is a trademarkof the TransactionProcessingPerformanceCouncil.
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