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Abstract

In this paper, we identify performance trends and design relation-
ships between the following components of the data memory hi-
erarchy in a dynamically-scheduled processor: the register file,
the lockup-free data cache, the stream buffers, and the interface
between these components and the lower levels of the memory hier-
archy. Smilar performance was obtained from all systems having
support for fewer than four in-flight misses, irrespective of the
register-file size, the issue width of the processor, and the memory
bandwidth. While providing support for more than four in-flight
misses did increase system performance, the improvement was less
than that obtained by increasing the number of registers. The
addition of streambuffersto theinvestigated systemsled to a signif-
icant performance increase, with the larger increases for systems
having less in-flight-miss support, greater memory bandwidth, or
more instruction issue capability. The performance of these sys-
tems was not significantly affected by theinclusion of traffic filters,
dynamic-stride calculators, or the inclusion of the perload non-
unity stride-predictoiand the incremental-prefetchintechniques,
which we introduce. However, the incremental prefetching tech-
nique reduces the bandwidth consumed by stream buffers by 50%
without a significant impact on performance.

1 Introduction

Dynamically-scheduleprocessorsffer muchgreatetoleranceor
data-cachemissesthan do statically-scheduleghrocessors. This
increasedolerances provided by the ability to issueinstructions
in anorderdifferentfrom thatin whichthey werefetchedwhenever
a hazardprohibitsin-orderissue. Cachemissesmay inducedata
andstructuralhazardghatinvolve theinstructionshatarewaiting
to beissued.Thedegreeof tolerancerepresents balancebetween
the numberinstructionsthat are not affectedby suchhazardsand
the time requiredto resole the miss. This balanceexistsbecause
thelongera cachanmisstakesto beresolhed,thegreatethenumber
of instructionghatarerequiredto hideit.

Thetime requiredto resole amissis determinedy theband-
width of thememoryinterfacethatis situatedetwea thedatacache
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Figure 1: Overview of our dynamicschedulingimplementation;
only thedatapathis shown.

andthe lower levels of the memoryhierarchy andby thetime re-

quiredto fetch a dataitem oncea requestfor it hasbeenissued.
Theability to hidea cachemissis determinedy the ability of the

dynamicscheduleto issueunafectedinstructions.Thelikelihood

that suchinstructionsare available to the scheduleiis determined
by a numberof factors. Branchpredictionis an importantfactor

becausets useallows the hardwareto continuefetchinginstruc-

tions from beyond a branchfor which the directionor destination
(address)s not staticallyknown. Speculatie fetchingof instruc-

tionsprovidesthesupplyof (possibly)unafectednew instructions.
Theseinstructionscanbe madeavailableto thedynamicscheduler
if the requiredhardwareresourcegor processinghe instructions
areavailable.

In our systemmodel (Figure 1), the dispatch queue storesthe
instructiondrom whichthedynamicschedulechoosesheinstruc-
tionsto issuenext. To insertaninstructioninto thedispatchqueue,
theremustbe an available entry, and, if the instructionnamesan
architectural register asa destinationtheremustbea physical reg-
ister availableto renamethe namedarchitecturakegister If one
of the requiredresourcess not available,the procesf inserting
instructionsmustbestalleduntil aresourcads available.

Theavailability of dispatch-queuentriesandphysicalregisters
is affectedby thenumberof miss-processingesourceghatarepro-
videdby thelockup-freedatacache. Thenumberof suchresources
placesa limit on the numberof cachemisseshatcanbe serviced
concurrently If a resources requiredand noneis available, the
dynamicschedulemuststopissuingmemoryinstructionsuntil the
requiredresources available. Suchstallsin theissuingof memory
instructionscanquickly leadto afull dispatchqueueanda decrease
in therateof forwardprogress.

In thispaperourgoalisto provideinsightinto theeffectiveness
of hardware-base@chniquegor reducingheapparentime costof
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Figure2: Functionalblock diagramof the proposedockup-free
cacheimplementatiorthat supportsl6 in-flight memoryaccesses
andfive in-flight cache-blocKetches.

cachemissesrincreasinghetoleranceor data-cachenisses.The
memory-systencomponentshatwe considerarethe registerfile,
thelockup-freedatacache andthe stream buffers[1], atechnique
for implementinghardware-basegrefetching. We also examine
theinterfacebetweerthesecomponentandthelower levelsof the
memoryhierarchy

The presentatiorbegins with a descriptionof the lockup-free
cacheand streambuffer implementationsve consider followed
by an overview in Section3 of our systemmodel and simula-
tion methodology Then,we examinethe performanceof various
lockup-freedatacacheorganizationdn Section4, and of various
stream-hiffer implementationén Section5.

2 Hardware

This sectiondescribesin the contet of a dynamically-scheduled
processartthehardwarehatis requiredto implementalockup-free
datacacheandthe streambuffer implementationshatwe consider
A morecompletediscussiorof thesecomponentss givenin [2].

2.1 Lockup-free Cache

Whenthe processodetectsa data-cacheniss, it mustdetermine
whetherthe cache-bloclcontainingthe missingdatais alreadybe-
ing fetched andit mustresole all pendingcachemissesvhenthis
cache-blocls returnedrom thelower levelsof thememoryhierar
chy. This functionalityis providedby miss status holding registers
(MSHRSs)[3], but for dynamically-schedulegrocessorsadditional
functionality is requiredthatis not presentn statically-scheduled
processorsThis functionality allows selectve cachemisseso be
suppressedhile allowing othersto be completedtherebypermit-
ting thecancellatiorof speculatiely executednemoryinstructions.

To provide the requiredfunctionality we usea setof MSHRs
andanaddressstack. TheMSHRsareusedto determinevhethera
cacheblock is alreadybeingfetched whereaghe addresstackis
usedto resole pendingcachamisses.As shovnin Figure2a,each
MSHR hasthreefields. The“block valid bit” indicatesvhetherthe
cacheblockwith theaddresstoredn the*block addressfieldisin
the procesof beingfetched. Whena data-cachenissis detected,
the MSHRs are associatiely searchedo determinewhetherthe
cacheblock is alreadybeingfetched. If a matchis detectedthe
cachanmissis referrecto asasecondary miss, whereasf nomatchis
detectedthemissisreferredo asaprimary miss[3]. Foraprimary
miss, a free MSHR is allocated,the block addresss written, the
“block valid bit” set, and a fetch requestfor the cacheblock is
issuedto the next level in the memorysystem. If thereare no
free MSHRs, no further memoryrequestscan be issueduntil an
MSHR is releasedy thereturnof previously-requestedata;the
load or storethat causedhis structural-hazard-induced stall will
bereplayedsubsequetto thefreeingof an MSHR.

Whena cache-blocks returned,an associatie lookup of the
MSHR structurds doneto extractthe“destinatiorbits” (Figure2a).
Thisinformationindicatesvhethethecacheblockis to bereturned
to thedatacachetheinstructioncache pr perhapseitherbecause

it is to be usedto resole anaccesdo anuncachednemoryloca-
tion. Someinformationmustbereturnedwith the datato facilitate
thislookup. Sincedynamically-scheduleprocessorsftensupport
cacheconsisteng andthushaveamechanisnfor sendingaddresses
to the processofrom the memorysystem,a reasonablehoiceis
to have the memoryreturnthe fetch-requesaddresslongwith the
data.After thedestinatiorbitsareextracted thecache-bloclks sent
to thecomponenthatrequested copy.

To resol\e data-cachenissesoncea block is returned the ad-
dressstackis used. The addresstack(Figure2b) is implemented
asa fully associatre buffer. After the hardwareissuesa load or
a storeandcalculateghe physicaladdresgor the memoryaccess,
it writesthis addressnto a free address-stacéntry, if thereis one
available.If thereis no freeentry, thenastructural-hazard-induced
stall is mandatedandthe instructionwill be replayedsubsequent
to thefreeingof anentry Onceanaddress-stacéntryis allocated,
shouldthe requireddatanot be foundin the cache the valid bit in
theaddresstackfor theinstructionis set,andif necessarya cache-
blockfetchis initiated. Whenthis blockis returnedirom the lower
levels of the memorysystem at sametime asthe hardwarewrites
it into the cache it doesanassociatie lookup of all the entriesin
the addresstack. For eachmatch,the controllogic notesthatthe
correspondingnemoryinstructioncannow bereplayed.ln acom-
plex andmorecostly design the address-stac&ntry allocatecdto a
memoryinstructionM is freedonceM is completed.In asimpler
andlesscostly design the address-stackntryis freedwhen M is
retired.

In the eventthat a mispredictedbranchor an exceptionman-
datesthe flushingof M from the processors part of the flushing
processthe address-stacintry heldby A is invalidated.Thus,if
the instructionwaswaiting for a cacheblock to be fetched,when
the block is returnedi,it is guaranteedhatthe actionindicatedby
M will notbeperformedbecause¢hereis nomatchingentryin the
addresstack. If M is aload,the namedphysicalregisterwill not
be written, whereadsf M is a store,the datawill not be written.
In this way, the instructionsaffectedby the branchmisprediction
or exceptionaresuppressewhile thoseprecedinghe faulting in-
structioncanbe completednormally This ability to easily sup-
pressselectve cachemissesnakesanaddresstackmoreattractie
for dynamically-scheduledrocessorshanthe more conventional
methodsfor recordinginformation aboutprimary and secondary
missed4].

Althoughnotdescribedn theliterature,it is likely thatlockup-
free cachesareimplementedn this way by the MIPS R10000[5]
usingtheaddressgjuaueandaddres stad, thePA-8000[6] usingthe
memorybuffer andtheaddress-reordéuffer, andin the PoverPC
604[7] and620[8] usingtheload queue.

2.2 Stream Buffers

A streambuffer is a hardware-basegrefetchingtechniquethat
canbe usedto prefetchand store datathat might be requiredto
resole future datacachemisses. In this paper we extend the
modeldescribedn [9] by including the provision for: (1) a new
prefetchstrateyy, called incremental prefetching, which reduces
the memorytraffic generatedby streambuffers, and (2) a new
methodfor dynamiccalculatiorof stridescalledtheper-load stride
predictor.

Memory-trafic filtering hasbeenmplementedisingthealloca-
tion filter techniqueproposedy PalacharleandKessle{10]. This
filter preventedastreanbuffer frombeingallocatedintil thesecond
missto a streamis detected.On the secondmiss, a streambuffer
wasallocatedandit beganprefetchingthe block subsequenp the
onecorrespondindo the secondmiss. Our proposedncremental
prefetching techniquediffersfrom the allocation-filtertechniquen
thatit limits the numberof blocksfetchedaftera streambuffer has
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Figure3: Theenhancedtream-Inffer model. In thisexample there
arefour streambufferswith threeentrieseach,andary oneof the
12 entriescanbe usedto supplythe missingdatafor a cachemiss.

beenallocateduntil the streamis foundto be useful. With incre-
mentalprefetchingwhenastreanbufferis first allocatedpnly one
block s fetched.If theblockis thenusedto servicea cachemiss,
the next two blocksarefetched. This processf fetchingthe next
2 x N blocksif oneof thelast N wasusedto resole a cachemiss
continuesuntil the streambuffer is reallocated.

Dynamic-strideoredictionhasbeenimplementiedusingascheme
basedon the minimum delta schemeproposedby Palacharlaand
Kessle[10]. With thisschemepna stream-bffer miss,thealloca-
tion filter wasappliedto determinewvhethera unit-strideshouldbe
used.If therewasafilter miss,thentheminimumsigneddifference
betweerthemissaddresandthelast N missaddressewasdeter
mined. This minimum delta, which may be positive or negative,
wasthestride. However, if thestrideS wassmallerthanthesizeof
a cacheblock, thena unit stridewasusedwith thesamesignass.
This stratgly guardsagainsthe prefetchstreamof a streambuffer
overlappingwith itself. A streambuffer wasallocatedif the miss
wasthethird missin a seriesto blocksthatwereseparatedby this
stride. The stridepredictoris showvn in Figure3, which depictsthe
enhancedtream-bffer model.

We introducethe per-load stride predictor. It differs from the
minimum-deltaschemein that a stride is determinedfor a load
instructionZ by consideringonly the previousmissaddressegen-
eratedby L. This predictoris basedon the schemeproposedy
Fu et al. [11] for preloadingthe datacacheandis similar to the
data prefetchingschemeof Chenand Baer[12]. Our predictor
usesa fully associatie buffer to recordthe last missaddressor
N static loads, along with the program-counteaddressof each
load. Thus,a stride predictionis basedonly on the pastmemory
behavior of the staticload for which the predictionis beingmade.
We also implementan enhancemento provide the functionality
of an allocationfilter. With this enhancementa streambuffer is
allocatedwith a unit stridethe first time a memoryinstruction M
is executedfor which thereis no entry in the miss-addressable
andtherequireddata(with addressA) is notin the datacacheor
a streambuffer. Subsequetty, a streambuffer is allocatedonly if
S=A,_1—A,_2=A,—A,_1,whereA, istheaddressf the
datafor thez'" stream-biffer missgeneratedy M. By default,a
streanbuffer is notallocatedon the secondniss. As before,if the
stride S is smallerthanthe sizeof a cacheblock, thena unit stride
is usedwith thesamesignass.

3 Simulation Methodology

This sectiondescribesour investigationmethodologythe system
modelwe assumeand our simulationframewvork. The method-
ology wasselectedo allow usto identify performancerendsand
designrelationships ratherthan to estimatethe performanceof

specificsystemdesigns.

3.1 System Model

OursystenmmodelimplementsaRISCsuperscalgorocessowhose
instruction setis basedon the DEC Alpha instructionset. We

assumehatall instructionscanbe be speculatrely executed,and
that the processorcanissue4 or 8 instructionsper cycle. These
issuewidths are representate of the currentstate-of-theart and
future processors.The issuerulesfor the 4-way and 8-way issue
processorgregivenin rows 1 and2 of Table1. Theprocessohas
astandardour-stageexecutionpipeline,and,with theexceptionof

theexecutionstage(stagel), all stageshave asingle-gcle lateng.

Thefunctionalunit latenciesaregivenin row 3 of Tablel.

In aclock cycle, thenumberof instructionghatcanbeinserted
into the dispatchqueueis equalto 1.5 timesthe maximumissue
width of the processqgwhile the maximumnumberof instructions
thatcanberetiredis exactly twice theissuewidth of the processar
Thesevaluesverechoserto reducehepossibilityof eitherinstruc-
tion insertionor instructioncommitmenteinga significantbottle-
neck. Instructionsareselectedor issuingusinga greedyalgorithm
thatissueghe earliestinstructionsn fetch orderfirst. Hardwares
includedto dynamicallydisambiguatenemoryaddressesoasto
allow memoryinstructionsto issuebeforethoseoccurringearlier
in the programorder Theregisterfile includesa configurableand
equalnumberof integer andfloating-pointregisters. The number
of registersconsideredor eachissuewidth aregivenin Table?2a;
this tablealsospecifieghe numberof dispatch-queuentries. The
register file for the four-way issueprocessohaseight readports
andsufficientwrite portsto preventary write-portconflictsarising
whenregistersarefilled on the resolutionof a cachemiss. For the
eight-wayissueprocessarthereis twice the numberof ports.

The modelimplementspreciseexceptions,and usesa branch
predictionschemeproposedby McFarling [13] that comprisesa
bimodalpredictor a global history predictor anda mechanisnto
selectbetweerthem. The predictionschemas usedto predictthe
directionof conditionalbranchesall othercontrolflow instructions
areassumedo be 100%predictable.

The modelincludesseparatenstructionand datacachesand
supportsnon-blockingloadsand non-blockingstores. Storesare
assumedo be implementedusing write-around(i.e., no-write-
allocate)and write-throughpolicies with a write buffer situated
betweerthedatacacheandlowerlevelsin thedatamemoryhierar
chy. Sinceour goalwasto includeonly theimportantfeaturesof a
processothataffectthe designof theregisterfile andmemorysys-
tem,we assumehatthe servicingof instructioncachemissesdoes
notdelaytheservicingof datacachemissesHence theinstruction
cachehasa fixed misspenalty Furthermorewe assumehat no
memorybandwidthis requiredto retire storesin the write buffer.
This assumptiorpreventsary stallsdueto a full write buffer and
preventsstoresfrom delayingthe servicingof cachefetches.

The datacacheis assumedo be a 64-KByte, two-way setas-
sociatve cachethatcanbe configuredo belockup,lockup-freeor
perfect;the perfectorganizationassumes 100% hit rate. These
threeorganizationsrelistedin Table2b. Forthelockup-freecache,
threetypesof in-flight missrestrictionsare considered.The most
restrictve type, designatedn ., limits the numberof outstanding
cachemissesto be at mostz, wherez is an integer greaterthan
zero. The secondtype, designatedf, is lessrestrictive because
it imposesno limit on the numberof secondarymisses. Rather



instructiontypes
total integer floating point [oads& | control
# total multiply other| total divide other| stores | flow
1 | numberissued 4 4 4 4 2 1 2 2 1
2] percycle 8 8 8 8 4 2 4 4 2
| 3 | lateng in cycles| || 6 1 8/16 3 | 1f | 1 |

Tablel: Instruction-issueulesandfunctional-unitatenciegor the4-wayand8-wayissueprocessorsAll functionalunitsarefully pipelined
with the exceptionof thefloating-pointdivider. Thedivideris not pipelinedandhasaneight-g/cle lateng for 32-bitdivides,anda 16-gy/cle

lateng for 64-bitdivides. TThereis asingleload-delayslot.

(@) processor details (c) stream buffer details
issuewidth # registers # | stridepredictor traffic filters abbrey.
Z-wayissuewith 32- 48,64, 96, type [ N.
entrydispatchqueue or128 1 | nostreambuffers N
8-wayissuewith 64- 64,96,128, 2 |unit none(baseline) Sy
entrydispatchqueue| or 256 3 incrementafetching S;
b memory details 4 P&K a_lllocatio_nfilters Sy
(c;chaype [abbrev] y fetchspacing 5 P&K filters & incremental| S 4;
6 | min-delta] 32 |P&K allocationfilters Aa
lockup lk 7 P&K filters & incremental| A4y
Mg 0 8 none P
lockup-freg  fa 8 9 | perload | 10o0r | stridefilters P;
¢ 10 32 [incrementafetching P;
perfect p 11 incremental stridefilters| P;;

Table2: Systemdesigns.A systemis definedby selectingspecificparameterfrom the processgmemory andstream-biffer detailstables.
N, in table(c) specifiegthe numberof entriesin thetableof missaddresses.

it limits only the numberof primary missesto be at mostz. A
cachewith thisfunctionality offersgreatefrflexibility thanonewith
the functionality offeredby m ., andthereforehasa moreaggres-
sive implementation.Becausea fetch requesis requiredfor each
primary miss, the value of = for the f, restrictionalsoindicates
themaximumnumberof outstandingache-initiatedetchrequests.
Thethird type,designated, is evenlessrestrictive becausdt does
notimposea limit on the numberof primary or secondarynisses.
In real processorsthe valueof = for m, might correspondo the
numberof address-stac&ntries while the valueof = for f, might
correspondo the numberof MSHRs.

Requestdor blocksof dataare sentvia the memoryinterface
to the next level in the memoryhierarchy The memoryinterface
returngherequestedblockin aconstart numberof cycles calledthe
fetch latency; we assume 32-g/cle fetchlateng. The bandwidth
of theinterfaceis constrainedy controllingthe numberof cycles
betweenthe launchingof fetch requests.A fetch spacing of zero
allows requestdo be launchedassoonasthey aresubmitted and
thus, correspondso aninterfacewith a very large bandwidth. A
fetch spacing of one allows the memoryinterfacepipelineto be
full whereasa spacingequatto thefetchlateng allows atmostone
in-flight fetch. Thus,thetime requiredto resole a cachemissis
notdeterministidor non-zerdetchspacingsut hasalowerbound
equalto thefetchlateng; Table2b specifieghetwo fetchspacings
thatwe consider

The 10 stream-biffer implementationgrows 2-11in Table2c)
eachcompriseeight,four-entrystreanbuffers,andoptionalsupport
for eithermemory-trafic filters,dynamic-stridgrediction,or both.
Theimplementatiorwith noneof thisoptionalhardwards referred
to asthebaselineimplementationandfor notationakorveniencet
isdesignatedsS;. Theabbreiationsusedor theotherimplemen-
tationsaregivenin thetable. We assumehatonecycle is required
to extractablock of datafrom a streambuffer.

Whenablock s returnedo the cachethe cachdine is written

simultaneouslywith the writing of the appropriatewvordsinto all
registerswith loadsoutstandingo this block (updatingall pend-
ing registersrequiresthe multiple write ports mentionedabove).
Writing aregisteror a cachdine is assumedo takeonecycle.

Figure 4 presentsan overview of the just-describedsystem
model.

3.2 Simulation Framework

Thisstudyis basednexecution-drvensimulationausinganobject
codeinstrumentatiorsystenmcalledATOM [14], whichis available
for Alpha AXP workstations. The resultspresentectorrespond
to simulationsof seven benchmarkssix from the SPEC92suite
andthe appsp benchmarlfrom the NAS suite. The benchmarks
arelisted in Table 3 alongwith somerun-time characteristicsor
the four-way and eight-wayissueprocessors.For eachof the six
SPEC92enchmarksoneof the official datasetswasused(ref or
small),andtheseareshownn in Table3 in column2; for appsp, the
datasetthatwasusedis describedn thetablecaption.In all cases,
thebenchmarksverecompiledusingthe Alpha native C compiler
with theglobalucodeoptimizerenabledandthelinkerwasdirected
to performlink-time optimizations.

The resultsin Table 3 arefor a four-way issueprocessorland
aneight-wayissueprocessarBoth systemshada lockup-freedata
cachewith no in-flight-missrestrictions,and an eight-g/cle fetch
spacing. The four-way issueprocessohad 64 registers(i.e., 64
integer and64 floating point), while the eight-wayissueprocessor
had96 registers.

Column 3 gives the numberof instructionsin the trace for
eachbenchmarkwhich is equivalentto the numberthat commit.
(An instructionis saidto commit whenit hascompletedand all
the instructionsprecedingit in programorder have completed.)
The numberof committedinstructionsdoesnot necessarilyequal
the numberof instructionsthat are executeddue to mispredicted



bench- |data |com- 4-wayissue 8-wayissue
mark set | mit [issueinstr. IPC % loadmiss| issueinstr. IPC %Tloadmiss
instr. [ total load| issue commit| pri. sec.[total load| issue commit| pri. sec.
(€] GEREOREOONNO) (n | ® (9 |10 (1)) (12) (13) | (14) (15
appsp |not¢| 319| 320 68| 1.58 1.57| 6.0 6.8 | 322 68| 244 2.42| 60 7.6
compressg ref 86| 111 25| 163 1.27 (119 35| 139 31| 2.34 1.45|10.7 3.1
hydro2d note’ | 237| 238 54| 1.45 1.44 |12.6 21.1 | 240 55| 2.52 2.49 |12.5 36.4
mdljdp2 |small| 291| 317 47| 1.74 1.60| 2.3 0.4 | 352 53| 2.84 234 2.1 1.9
su2cor |[small| 417| 432 106 1.88 1.81 | 84 8.1 | 445 109| 2.63 2.46 | 82 143
swm256 | ref 377( 378 97| 1.77 1.76 | 6.6 2.6 | 379 97| 2.92 292 | 6.6 103
tomcatv | ref 910| 911 247| 1.63 1.63 |11.2 21.1 | 911 248| 2.40 2.40 |11.2 284

Table 3: Dynamicstatisticsfor eachbenchmarkor bothissuewidths. Columns3, 4, 5, 10, and 11 give instructioncountsin millions;
columns8, 9, 14,and15give theprimaryandsecondarylata-cachenissratesfor loadinstructions.Notes: (a) appsp wasrunfor 50iterations
with a12x12x12grid; (b) hydro2d wasrunfor 15 iterationsratherthanthe 400specifiedn theofficial “ref” dataset.
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Figure4: Overview of machinemodel.

brancheqexceptionsare not modeled). The numberof executed
instructionsis given undercolumns4 and 10 with columns5 and
11 giving the numberof loads. Both the numberof committed
instructionsandthe numberof executedinstructionsare dynamic
instructioncounts.

The averagenumberof instructionsper cycle (IPC) for each
benchmarkand eachissuewidth are given in columnse6, 7, 12,
and13. Theissue IPC, givenin columns6 and12, is theratio of
the numberof instructionsthat areissued to the total (simulated)
run time; the issuelPC measureghe rate at which instructions
are dispatchedo the functionalunits. In our systemmodel, the
differencebetweentheissuelPC andthe maximumissuewidth is
dueto the dependencein the codeand the numberand type of
functionalunits. The commit IPC, givenin columns?7 and13, is
the ratio of the numberof instructionsthat commit to the total run
time. ThedifferencebetweertheissuelPC andthe commitIPCis
dueto instructionghatareincorrectlyspeculatrely executedwvhen
following mispredictedranches.

The statisticspresentedn the tableshow thatthe benchmarks
generateenoughdata-cachéehavior to affect the performanceof
the memory-systenimplementationghat we consider First, the

data presentedn column 3 suggestghat eachtrace containsa
significantnumberof instructions,and secondthe datapresented
in columnsAto5,8t011,and14to 15suggesthatthebenchmarks
have significantdata-cachéehavior.

4 In-flight Cache Misses
To evaluatethedesignandperformancémplicationsof data-cache
misseawith differentnumbersof in-flight-missresourcesye eval-
uatedperformancdor the system-desigspacdistedin Tables2a
and2b. Figuressaand5brespectiely presenthe(overall) average
commitIPC' obtainedby the benchmark®n the systemswith the
four-way andeight-wayissueprocessorsin both of thesefigures,
coordinate(c, r : s) givestheaveragecommit!PC for a processor
having a cachedesigne, aregisterfile sizer anda fetch spacing
s. Thecachedesignsaaremappedon the left-to-right axis with the
lessrestrictve designdocatedto theleft. Theregisterfile sizesand
fetchspacingsaremappednthefront-to-backaxis,with thelarger
registerfiles locatedtowardsthe back. For eachregisterfile size,
thelPCvaluesfor azerocycle fetchspacingarebehindthosefor an
eight-g/cle fetch spacing.Thus,the coordinatego the left andto-
wardsthebackrepresenimoreaggressie systenimplementations.
Examinatiorof thedatapresenteéh Figure5 suggestanumber
of importantrelationships Theserelationshipsrediscussedelov
beginning with the relationshipbetweenperformancenumberof
registers,andsupportfor in-flight misses.
ConsidetthecommitlPC valuesgivenin Figure5acorrespond-
ing to theuseof alockup-freecachewith norestrictionsonin-flight
missesthatis, coordinategc =i, r : s). Obsenethattheaverage
commit IPC increasesvith the size of the registerfile. Further
more therateof increasealecreaseatlargersizes.For instancefor
afetchspacingf eightcycles doublingthesizefrom48to 96yields
animprovementof 70%, while doublingthe sizefrom 64 to 128
yieldsanimprovementof only 36%. In generalanincreasen the
numberof registerspermitsmoreinstructionsto bein somestage
of execution,therebybetterutilizing the available hardware and
thusimproving performance. However, this correlationbetween
more registersand better performances lesspronouncedor the
systemswith lesssupportfor in-flight misses.For example,if four
in-flight fetchesare permitted,(c¢ = f4,r : s), doublingthe size
from 48 to 96 yields animprovementof 68% while doublingthe
sizefrom 64 to 128yields animprovementof 35%. If the support
for missess furtherreducedy allowing only four in-flight misses,

1The (overall)averagecommitIPC is calculatedor eachsystemconfigurationby
first computingthe averagecommit IPC for eachbenchmarkfor that system. The
perbenchmarlaveragecommitlPC is equalto thetotalnumberof instructionghatare
committedvhenthebenchmarks rundividedby thetotal numberof (simulatedlock
cyclesrequiredto runit. Then,theseperbenchmarlaveragesarecombinedusingan
arithmeticaverageto obtainthe reported(overall) averagecommit IPC. The commit
IPC valuesfor eachbenchmarlaregivenin [15].
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acurwve for eachof thesevenin-flight missrestrictionghatwereinvestigated.

(¢ = m4,r : s), theimprovementpercentageare53% and25%,
respectiely.

The datapresentedn Figure5aalsosuggestshatsystemper
formanceis more heavily affectedby increasingthe numberof
registersthan providing supportbeyond four in-flight misses.For
example, considerthe system(c = mg4,r = 64 : s = 8), that
is, onewith supportfor four in-flight misses64 registers,andan
eight-g/cle fetch spacing. Comparedo this baselinesystem,one
having twice the numberof registers(c = m4,r = 128 : s = 8)
will perform25%better while onewith norestrictionsonin-flight

misseqc = i,r = 64 : s = 8) will performonly 5% better

The above notedrelationshipsbetweenperformancenumber
of registers,and supportfor in-flight missesarein partdueto the
increasén thenumberof structural-hazard-inducestiallsthatoccur
whenthe amountof in-flight misssupportis reduced.To illustrate
thisincreasedn stalls, Figure 6a presentshe percentagef (simu-
lated)clock cyclesin which suchstallsoccurin the systemaising
the four-way issueprocessorvith an eight-g/cle fetch spacing.
In thefigure,the percentagefor eachin-flight missrestrictionare



givenby the sevencurvesasa functionof thenumberof registers.
For instance,with 64 registers,the percentagdor eachin-flight
missrestrictionis: 5% for f., 18% for m4, 19%for f., 34%for
ma, 43%for f1, 49%for m,, and62%for alockupcache.

Thesignificantdifferencen theabove percentagebetweenyf,
andm restrictiongor thesamevalueof x is dueto thebenchmarks
requiringsignificantamountsf secondary-missupport. This re-
quirementis suggestedy the missratespresentedn Figure 6b.
As canbe obsered, while the primary missratesfor all systems
having a given numberof registersaresuficiently similar thatthe
datapointsare coincident,thereare significantdifferencesn the
secondary-missates. With lesssupportfor in-flight misses,the
load instructionsthat correspondo thesesecondarymissesmust
insteadbe heldin the dispatchqueue.Moreover, becausenemory
instructionscannotbe issuedduring a structural-hazard-induced
stall, the dispatchqueuewill tendto fill up with memoryinstruc-
tions for which the datais alreadyin the datacache. Thus, the
rateatwhich entriesarefreedandnew instructionsareinsertedwill
decreas@asthestall progressesTogetherthesetwo effectsreduce
the demandfor registersand the performancegainsthat accom-
pary increasingthe numberof registers. As the datain Figure 6
suggeststhis reductionis moresignificantwith larger numbersof
registersbecausehe secondarymissratesarelarger, andbecause
structural-hazard-inducestalls occur for a greaterpercentagef
the (simulatedyun-time.

Thetrendof decreasingerformancavith lesslockup-freesup-
port is morepronouncedvith the systemshaving eight-wayissue
processors.Data supportingthis trend is presentedn Figure 5.
Obsenrethatthereis lessvariancein the commitIPC valueswhen
more restrictionsare imposedon in-flight missesin the systems
with four-wayissueprocessorgFigure5a)thanin the systemawith
eight-wayissueprocessorgFigure5b). This trendoccursbecause
the performanceof systemswith widerissueprocessorss more
sensitve to the designof the memorysystem. The causeof this
increasedsensitvity is the ability to issuemore instructionsper
cycle, which tendsto reducethe numberof clock cyclesbetween
the issuingof load instructions. As a result,at ary point in the
executionof an application,theretendsto be a greatemumberof
in-flight fetchesandsecondarynisses.

Additional insight into this differencebetweenthe two issue
widths is suggestedvy the differentialin the commit IPC values
whenthe fetch spacingis reducedrom 8 cyclesto 0 cycles. As
shawvn by the datain Figure5, whenthefetch spacingis reduced,
thereis greatevariancan thecommitlPCvaluesfor theeight-way
issueprocessorsandin particular for systemswith greatersupport
for in-flight missesandalarger numberof physicalregisters.

In summary a numberof obsenationscanbe dravn from the
above discussionandthesearepresentedn Section6.

5 Stream Buffer Implications

To investigatethe designand performanceémplicationsof stream
buffers, the systemmodel was augmentedo includethe stream-
buffer modelsdescribedn Section2.2. The systemmodelwas
thenusedto evaluatethe behavior of the benchmarkn a num-
ber of systemghatwere choserto capturethe behavior at several
representate pointsin thelarge designspace.

5.1 Baseline Stream Buffers

For clarity in presentindkey obsenations,consideffirst theperfor
manceimplicationsof including the baselinestream-biffer imple-
mentationin 16 of the systemdistedin Table2. The performance
of thebenchmark®n the resulting32 systemgq16 without stream

2Thesepercentagemepresenthe averageof the percentagefor eachbenchmark.

buffersand 16 with streambuffers)is presentedn Figure7. This
figuregivestheaveragecommitlPC for eachbenchmarlasafunc-
tion of theissuewidth of the processatthe sizeof theregisterfiles,
the type of datacache the fetch spacing,andthe optionaluseof
streambuffers. The lockup-freecachehad no restrictionson the
numberof in-flight misseqtype:). The columnswith N at their

base(e.g.,the columnmarkedby give the commitIPC values
for systemswithout streanbuffers, while thosewith S, atthebase

(e.g.,thecolumnmarkedwith ) givethecommitlPCfor systems
with streambuffers.

Oneimportantobsenationis thatif streambuffersareincluded
in a system,thereis an overall performancegain, with this gain
beingbiggerfor systemsiaving lockupcachesndalargernumber
of registers. To illustrate this relationship,considerthe columns

markedwith and in Figure7 thatcorrespondo the perfor
manceobtainedon systemswith 48 registers,a fetch spacingof
eight cycles, and a four-way issueprocessar Comparisorof the
relative positionof the datapointsin thesetwo columnsshavsthat
the datapoints are generallyhigherin the secondcolumn. The
averagancreasen |IPC for systemswith thelockup-freecache(the
filled circles)is 0.35,while for systemsawith thelockupcache(the
filled squares)the averageincreasas 0.46. Expresse@sspeedup
ratios,theseincreasegsorrespondo a speedumf 1.29for the sys-
temswith a lockup-freecacheanda speedumf 1.51for systems
with alockupcache.

The moresignificantspeedugdor systemswith alockupcache
is aconsequeneof thehardwareébeingblockedfrom issuingmem-
ory instructionsduring stalls inducedby structuralhazards. For
systemswith this type of cache streanmbuffersenhancehe perfor
mancebecausehey significantly reducethe effective cache-miss
penalty Systemswith lockup-freecacheshowever, canissueun-
relatedmemoryinstructionsduring suchstalls,and,thus,areboth
lesssensitve to the effective cache-mispenalty andmoretolerant
of cachemisses. The amountof tolerancesuchsystemshave is a
functionof thenumberof physicalregisters becauséhe numberof
registersdetermineshow mary instructionscanbe simultaneously
in execution. Thus,with moreregisters the speedumbtainedwith
streambufferswill decreaseAs illustratedin Figure7, whenthe
numberof physicalregistersis increasedrom 48 to 64 (columns

and), thespeedupor systemswith lockup-freecacheslrops
to 1.25,while the speedugor systemswith lockup cachegisesto
1.58.

The above obsenationssuggesthatif a systemcansupporta
largenumberof in-flight missesit is morebeneficiato increasehe
numberof registersthanit is to includestreambuffers. Toillustrate
this phenomenongonsideragainthe samefour systemconfigura-
tions. Whena lockup-freecacheis used,a 32% performancem-
provements obtainedy increasindhenumbeiof registersfrom 48
to 64, but animprovementof only 29%is obtainedy usingstream
buffers. On the otherhand,whena lockup cacheis used,a 14%
performancemprovementis obtainedby increasinghe numberof
registersfrom 48to 64, but animprovementof 51%is obtainedoy
usingstreambuffers.

Theperformancegainsachiezedwith streambuffersarearesult
of the buffers prefetchinga significantnumberof cacheblocksthat
areusedto resohe cachemisses.Table4 presentslatato quantify
thefrequeng at which cachemisseswereanticipated. This table
provides: in column2, the run-timespeeduplueto the useof the
streambuffers; in column3, the primary data-cachenissrate;in
column4, the percentagef primary missesresolhed using data
eitherpresenin a streambuffer, or for which a fetch requesthad
alreadybeenlaunched;and in column 5, the numberof cache
blocksusedto resole one of thesemissesas a percentagef the
total numberof cacheblocksreturnedby the memorysystemin
responseo afetchrequesfrom astreantbuffer. Ignoringcompress
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for the momentobsenethat 18%to 98% of the blocksprefetched
by the streambuffers (column5) areusedto resohe 29%to 77%
of primarymissegcolumn4).

Thestatisticpresentedh thetablearesersitiveto thenumberof
physicalregisters.If thenumberis increasedthereis little change
in both the numberof primary misses,and the numberof times
datais fetchedin responseo a streambuffer request. But, there
is asignificantdropin the numberof missegor which the missing
datais actuallypresenin a streambuffer. Thisdropis largely due
to the increasein the issuelPC that accompanieshe increasen
the numberof registers.Thisincreasdn theissuelPC reduceghe
time betweensuccessie cachemissesand thusreduceshe time
availablefor prefetching. Compress, however, as alreadynoted,
doesnot benefitfrom streambuffers. Ratherasshown in Figure7
bythecurveslabeled'26”, for afetchspacingf 8 cyclesandafour-
way issueprocessowith 48registers,ts performancelecreaseky

bench- || speed-| primarymisses SB
mark up % | %resohed | % blocks
by SB used

) ) 3) “4) ®)
appsp 1.09 [ 6.0 28.9 181
compress| 0.95 | 12.9 0.2 0.1
hydro2d 1.70 | 12.6 77.3 97.7
mdljdp2 1.06 | 2.4 60.6 485
su2cor 1.32 8.7 53.1 63.8
swm256 1.36 6.7 44.7 29.3
tomcatv 1.64 | 11.2 71.6 98.4

Table4: Effectivenes®f thebaselinestream-hnfferimplementation
whenusedin a 4-way issueprocessomwith 48 registersandan 8-
cyclefetchspacing.

4% when run on the systemshaving the lockup cache,and by
5% whenrun on the systemshaving the lockup-freecache. This
performancealecreasés a resultof the streambuffers prefetching
mostly un-neededacheblocks,therebydelayingthe launchingof
fetch requestghat are neededo servicecachemisses. On these
systemslessthan0.2%of primarycachemissesareresohedusing
prefetchedcacheblocks. The percentagearemuchhigherfor the
otherbenchmarksasshownin Table4 by thedatagivenin column
4,

A secondimportantrelationshipthat is suggestedby the data
of Figure7 is the performancensensitvity of the systemgo the
bandwidthof theinterface.Whenthefetchspacings reducedrom
8 cyclesto 0 cycles,with the exceptionof compress, the commit
IPC valueschangerelatively little. This obsenationsuggestshat
evenwith a fetch spacingof 8 cycles, contentionfor the memory
interfaceis not significant. Oneresultof this lack of contention
is thatwith an 8-cycle fetch spacing,whena streambuffer is re-
allocated 95 timesout of 100, all of its entriescontainvalid data.
Consequentlywhenthefetch spacings reducedo 0 cycles,there
will notbea largeincreasdn the amountof prefetcheddata,and
hence,only small performancegainsare likely. Whenthe fetch
spacingis changedo 0 cycles, the leastsignificantchangen the
speedupatiosis anincreasdrom 1.29to 1.33with 48registersand
alockup-freecache andthe mostsignificantchangds anincrease
from 1.58to 1.67 with 64 registersand a lockup cache. These
speedupatiosaregivenin Table5 underthe columnheading*4-
way”. Like theotherbenchmarksgompressperformsbetterwith a
fetch spacingof 0 cycles,but unlike the otherbenchmarksit does
notachiesea speedugreatethanone. This phenomenors shovn
in Figure 7 by the curves nearthe bottomwhoseright-mostdata
pointsarelabeledwith “26”. Obsene thatwhena fetchspacingof
0 cyclesis usedthecurvesarenearlyhorizontal.

Whenthe baselinestreambuffers areusedin systemswith an
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Figure8: Performancef su2cor andthe total numberof cacheblockssuppliedby the memoryinterfacewhenit wasrun on systemaising

oneof the 15 stream-bffer implementations.

cache | fetch 4-way 8-way
type | spacing # registers # registers
48 | 64 64 | 128
lockup 8 1.51 1.58 1.70 1.87
0 1.57 1.67 1.80 2.15
lockup- 8 1.29 1.24 1.30 1.18
free 0 1.33 1.28 1.38 1.29

Table5: Averagespeedugn (simulated)run-timefor all bench-
marksdueto theuseof the baselinestream-biffer configurations.

eight-wayissueprocessoand64 dispatchqueueentries,the same
trendsasthosenotedfor the four-way issueprocessorsccur, but
the differencedendto be greater The increasedsignificances a
consequeneof the eight-wayissueprocessorssuingandcommit-
ting moreinstructiongpercycle therebyresultingin acompression
of time. This temporalcompressiomot only reduceghetime be-
tweentheoccurrencef cachemissesbut alsoincreasethenumber
of secondaryachemissesandtheinstructioncostof servicingall
cachemisses.

5.2 Memory Traffic and Dynamic Strides

Although the baselinestream-biffer implementatiorimprovesthe
performanceof six of the benchmarksthe basicdesigncan be
augmentetb reducehepossiblenegativeimpactof excessnemory
traffic, unit strides,andthe possibility of flushingusefuldatafrom
a streambuffer whenit is reallocated. To counterthe negative
impactof streambuffers, the enhancementéstedin Table2c can
beemployed.

Theresultsobtainedrom the simulatedexecutionof thebench-
markson thesesystemsshov a numberof commonrelationships,
andthesewill be illustratedusingthe su2cor benchmarkand its
executionon 60 systems These60 systemdadaneight-wayissue
processar64 physicalregistersand a fetch spacingof 8 cycles.
Figure 8a presentghe averagecommit IPC valuesfor theseexe-

cutions,while Figure8b presentshe total numberof cacheblocks

thatwere suppliedby the memoryinterface. In bothfigures,each

of the curvesfor thefour data-cacheonfigurationgz, f, f1, and

k) includesa datapointfor the 15 stream-biffer implementations.
The stream-Iffer implementationsre listed alongthe horizontal

axesusingthe abbreviationsgivenin Table2c. However, the ab-

breviationsusedfor thedesigndasedntheperloadschemde.g.,

Py) alsoincludea suffix (e.g.,10) to indicatethenumberof entries

in themissed-loaduffer.

An importantrelationshipsuggestedy the datapresentedn
Figure 8ais that the enhancemeds to the baselinestream-bffer
implementatiorhave at besta small effect on performancewith
this effect beingmoresignificantfor the systemswith lessaggres-
sive cacheconfigurationsFor example whentheimplementations
are usedwith the lockup cache(type k), there are pronounced
variationsin commitIPC valuesbut whentheimplementationgre
usedwith thelockup-freecachehaving noin-flight missrestrictions
(type1), thecommitlPC valuesvaryverylittle. Theincreaseger
formancesensitvity of the morerestrictive cacheconfigurationgo
the stream-biffer implementatioris dueto two factors. First, sys-
temswith moresupportfor in-flight misseshave greatertolerance
for cachemisses. Thus, whethera stream-hffer implementation
improvesperformancdy correctlyprefetchingdatathatis missing
from the cache or degradeperformancey tying up the memory
interfacewith misfetcheddata,the overall performancempact,be
it positive or negative, will be smaller

Secondsystemswith moresupportfor in-flight missegendto
requirefewer clock cyclesto executean application.Hence there
arefewer clock cyclesavailablefor prefetchingdata,andthereis
areductionin thenumberof clock cyclesbetweerthe detectiorof
cachemissedor which the missingdatahasnot beenprefetched.
As aresultof thesetwo effects,systemswith lessrestrictve cache
configurationgendto fetch fewer cacheblocksfrom the memory
interface. This trendis suggestedby the relatve positionsof the
curwesin Figure 8b. The performancedifferential betweenthe
stream-iffer implementationss a reflectionof the ability of an
implementatiorio correctlyprefetchdataandto hold onto thedata



until it is required. Thus, the implementationsvith someform
of filtering give betterperformancgFigure 8a) and generatdess
memorytraffic (Figure8b).

Whenthe numberof physicalregistersis increasedand/orthe
bandwidth-limiton the memaoryinterfaceis removed, datasimilar
to thatpresentedh Figure8 is obtained.Dueto spaceconstraints,
this datais not presentedbut the following two relationshipsare
nonethelesaoted;the correspondinglatais presentedn [15].

First,concerninghenumkberof physcalregistersandtheamaunt
of supportfor in-flight missesfor systemausingthetype: lockup-
freecachetheperformancémpactof the stream-bifferimplemen-
tationis evensmallerif thenumberof physicalregisterdgsincreased.
Increasingthe numberof registersallows moreinstructionsto be
simultaneouslyn somestageof execution whichincreaseshetol-
erancefor cachemissesanddecreasethe numberof clock cycles
requiredto runtheapplication.Thus,whenthenumberof registers
isincreasedthecommitlPCvariesessfor thevariousstreanbuffer
implementationsandthe numberof blocksfetchedfrom themem-
ory systemdecreases.However, for the systemswith restrictive
cacheconfigurationsjncreasinghe numberof registersincreases
theperformancesensitvity tothestreanbufferimplementationsA
larger numberof registersincreaseshe percentagef clock cycles
in which memoryinstructionscannotbe issued(Figure 6a), thus
increasingthe performancesensitvity to the effective cache-miss
latengy. Becausé¢heperformancémpactof suchstallsis afunction
of their duration,stream-hffer implementationshat are betterat
loweringthe effective cache-missatenq give betterperformance.
Furthermoretheimplementationghatperformbettergeneratdess
memorytraffic becausé¢hereis lesstime to prefetchthe data.

Second,concerningthe bandwidthof the memoryinterface,
removal of the bandwidthlimit leadsto a morepronouncediiffer-
encein the relative performanceobtainedwith the stream-bffer
implementations. When memory bandwidthis not limited, the
stream-iffer implementationghat are more beneficialare those
that are betterat prefetchingand holding onto datathat is subse-
guentlyrequiredoresoleacachaniss. Thus,while thetechniques
for filtering stream-biffer allocationshave a positive performance
impact, the incrementalprefetchingtechnique which senesonly
to reducememorybandwidthrequirementshasno significantper
formanceimpact. However, incrementalprefetchingreduceshe
bandwidthconsumedy streambuffersby 50%.

Finally, concerningall the benchmark% several comments
shouldbe made. On systemswith a type : lockup-freecache,
the stream-bffer enhancementsadlessthana 5% impacton per
formancewith the exceptionof swm256. Furthermoretheseen-
hancement$ad little impacton the performanceof mdljdp2 and
hydro2d irrespectve of the cacheorganization,while they signif-
icantly degradedthe performanceof tomcatv if in-flight missre-
strictionsexisted. Appsp, su2cor, and swm256 performedbestif
the systemincludedone of the following two setsof mutually ex-
clusive enhancementgl) the PK-allocationfilters,andoptionally,
the min-deltastride predictor;or (2) the perload stride predictor
with filtering, andoptionally, incrementaprefetching.Finally, for
all the systemsconsideredand all benchmarksthe stream-biffer
implementationavith PK-allocationfilters or stridefilters gener
atedbetweenl.5and4.2timeslessmemorytraffic. In mostcases,
theperloadstridepredictorwith stridefiltering generatedheleast
amountof memorytraffic.

6 Conclusions

In this paperwe have presente@ninvestigatiorandanalysisof the
designof theregisterfile andthe otherlevels of the datamemory
hierarchy This analysishasfocusedon identifying performance

3Thedatafor thesebenchmarkss givenin [15].

trendsand designrelationships. The componentave considered
affect the apparenttime-costof servicing cachemissesand the
toleranceor data-cachenisses.Thefollowing conclusionsanbe
dravn from theanalysis.

First, similar performancevasobtainedfrom all systemsav-
ing supportfor fewer than four in-flight misses,irrespectie of
the registerfile size,theissuewidth, andthe memorybandwidth.
While increasinghe hardwaresupportfor in-flight missesbeyond
this point did increasesystemperformancefor the configurations
consideredtheimprovementwaslessthanthatobtainedy increas-
ing the numberof registers.

Secondsystemswith a greateramountof supportfor in-flight
missegequireagreatepropationof thesupportto befor secaday
missessincethesecondarynissratetendgoincreasastheamount
of in-flight-misssupportis increased.Additional registersshould
alsobeprovidedto offsettheincreasén theaveragaegisterlifetime
thatis aresultof the ability to supporta larger numberof in-flight
misses.

Third, systenperformancés relatively unafectedby theband-
width of thememoryinterfacdf theprocessocanissueamaximum
of only four instructionsper cycle. But, whentheissuewidth is
increasedo eight, the bandwidthof the memoryinterfacehasa
moresignificantimpacton performanceespeciallyin systemawith
supportfor at leastfour in-flight fetches. While the performance
sensitvity to the bandwidthis smallfor all but themostaggressie
systemsthe reportedpercentagesepresent lower bounddueto
theassumptiothatneithertheinstructioncachenorthewrite buffer
usethememoryinterface.If theseéwo componentg/ereto compete
for thebandwidthof theinterface contentiorwouldincreasewhich
would increasehe performancesensitvity to the bandwidth. The
rateof thisincreasavouldbegreaterfor systemsvith theeight-way
issueprocessosincewider issueprocessorgeneratanoretraffic
in agiventime periodthannarraverissueprocessorsNonetheless,
if streambuffersarenotincludedin the system the bandwidthis
unlikely to be a significantfactor for the lessaggressie systems
andthebenchmarksliscussedn this paper

Fourth,theadditionof streanbuffersto asystemleadstoamore
significant performancencreasefor systemshaving either more
restrictive lockup-freecachesmore memorybandwidth,or more
instructionissuecapability Forthesystemsnvestigatedthedesign
of the lockup-freecachehadthe greatesimpacton performance,
andthe bandwidthof the memoryinterfacehadthe leastimpact.
Increasingthe numberof registersresultsin a more significant
performanceincreasewith systemshaving a lockup cachebut a
lesssignificantincreasewith systemshaving a lockup-freecache.
The increaseis larger for the systemswith the eight-wayissue
processors.

Fifth, systemperformances not significantly affectedwhen
streambuffers are usedthat have traffic filters anddynamic-stride
calculators Thisobsenationis notsurprisingsincetheperformance
of thebenchmarkss atbest16%betterwhenthememoryinterface
hasaninfinite bandwidth.In otherwords,contentiorfor theinter
faceis notasignificanfproblem. Thisobsenationalsosuggestthat
theaddresstreangeneratethy cachemissesvheneachbhenchmark
isrunis dominatedy interlearedunit-stridestreamsThus thecost
of supportingdynamic-stridecalculationis notwarrantedor these
sevenbenchmarksHowever, in spiteof thesimilar performancef
mary of the enhancedtream-biffer implementationsthe costof
thosethathave traffic filtersis probablywarrantedsincethe system
modeldoesnot takeinto accountall possiblesourcesof memory
traffic. The exacttype of filter would have to be determinedvhen
a specificsystemis beingconsidered A larger setof benchmarks
would alsoberequiredaswell asincludingall of thetraffic effects
into themodel.

Finally, theincremental-prefetchingchniquewne introducere-
duceghebandwidthconsumedy streambuffersby half with little



performancéoss.
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