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Abstract

This work addressesthe problem of the increasing per
formancedisparity betweerthe microprocessorand mem-
ory subsystemCurrent L1 cachesfabricatedin deepsub-
micron processesnusteither shrinkto maintaintiming, or
sufer higherlatenciesgxacerbatingheproblem.We intro-
ducea new classi cation for the behaviorof memorytraf-
¢, which we referto astarget behavior Classi cation of
the target behaviorfalls into two categories: Uni-Targeted
Instructions(UTI) and Multi-Targeted Instructions(MT]).
Onaverage, 30%of all dynamicmemonyLD/STopemtions
comefromexecutionof UTIs, yetonly a few hunded static
instructionsare actually UTls. This malesisolation of the
UTI targetsan avenuefor optimization. Theaddition of a
small, fast cache structue which containsonly UTI data
wouldideally reduceMTI pollution of UTI information. By
intelligently selectingbetweenlarger, slower data caches
and our UTI cache, we reducethe latencyproblemwhile
increasingperformance

Our distinctcontributionsfall in threeareas,with impli-
cationsto manyothers: (1) we presenta new characteriza-
tion of memorytraf ¢ basedon the numberof targetsfrom
LD/STinstructions;(2) we explore theunderlyingnature of
the target division and devise a simple medanismfor ex-
ploiting regularity basedon a UTI cade; (3) we explore
a variety of predictionmetanismsand processorcon gu-
ration optionsto determinesensitivityandthe performance
gainsactually attainableunderdifferentmodernprocessor
con gurations. e attain up to 42% IPC improvementon
SPEC2000with a meanimprovementof 8%. Our solu-
tion alsoreduced.2 accesseby upto 89% (aveage 29%),
while reducingload-loadviolation trapsby up to 84% (av-
erage 13%), and store-load violation traps by up to 43%
(average 8%).

1 Intr oduction

With every new generatiorof microprocessqipressuralue
to the memory bottleneckincreases. Many techniques
have beenimplementedto avoid the penaltiesassociated
with main memory accesssuchas non-blockingcaches,
prefetching,and value prediction. Arguablywe cancom-
puteresultsasfastasour power andreal estatebudgetwill
tolerate,solong asthe datanecessarys present.Sinceob-
tainingtheinformationnecessaryor computationywhether
actualdataor instructions,remainsthe chief bottleneckin
computation,mary projectshave examinedhow to move
datamore efciently. Theseprojectshave built models
basedon variationsof data ow principles,pre-computation
[16], datadecoupling[4], aswell as extensve compiler
analysisfor bettermemorymanagementL3].

As architectsmove forward, the near future offers die
capacitieson the order of one billion transistors. Active
researchin all elds continuesto investigatehow to ef-
fectively usethesetransistorgo continuethe performance
improvementsthe industry has sustainedover the past40
years.

Corventionalwisdomhasbeenthatif hobetterusagecan
be found, the corversionof unusedtransistorsin ary die
canbeturnedinto an on-dieL3 cache. The assumptioris
thataddingmorecachewill be a worthwhileinvestmenbof
resourcesUsing an approximatiornthat modernmicropro-
cessorswith L1 andL2 cachescomprisesome200M tran-
sistors,the remaining800M transistoravould make at best
a 16MB L3 cache.Evenusinga generou0-cycle access
time for this L3 cache,Figure 1 shaws just what impact
sucha useof resourcesvould have on the full SPEC2000
benchmarksuite. The changein geometricmeanof IPC
whenaddingthe L3 cacheto anAlpha21264is anincrease
of 1.5%. This small changeis primarily dueto memory-
boundapplicationswith the L3 cacheexperiencinga high
missrate. Therefore just addinglarger cachesmnay not be
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Figure 1: Adding a 16MB L3 20-cyclecacheto a 21264has
1% averageimpact on IPC for SPEC2000.Basedon standard
Alphasim [5] with L1 I,D caches: 64KB 2-way, 1,3-cycle;L2
cache:1MB, 2-way, 7 cycles;L3 cache:8-way, 20 cycles.

anidealapproachunlesstheworking setof applicationsn-
creasaccordingly

We proposein this papera new mechanismto evalu-
ate memoryoperations.Using this mechanismyve isolate
30% of all memorytrafc in a specialcachestructureof
just 2KB, increasingsystemperformanceby reducingpol-
lution effects. Using a simple predictoroff of the critical
path, we choosebetweenthe normal cacheand our cache
to generatgerformanceémprovementsandreductionin L2
cacheaccesses.Other groupshave proposedthe addition
of a small, fastcachebut have usedit in differentwaysto
achieve mixed results. The micro-cacheg22] was usedto
isolatecritical-pathdata,while the stackvalue le [11] iso-
latedstackdata.

In speci ¢, we contritute three primary resultsin this
work:

anew mechanisnto classifymemoryoperations
athoroughexplorationof this classi cation

resultsand sensitvity studiesbasedon different as-
pectsof our system

The restof this paperis organizedas follows. In Sec-
tion 2, we presenbur new ideafor memorytargetbehaior
characterizationandshov how differentbenchmarksiave
differentcharacteristics We describea new designto ex-
ploit thisbehaior in Section3. Theperformanceainsfrom
our characterizatiomndsolutionarepresentedh Sectiord.
Section5 studiesthe performancesensitvity of a variety of
microarchitecur@arametersOur resultsandmethodshave
implicationsin mary areas,and highlights of thesearein
Section6. Finally, Sections7 and 8 discussrelatedwork
andconclude.

UTI MTI

PC Instr Mem PC Instr

0x1234 LD r2,[r1] . 0x1244LD r2, [r3++]

0x1234 LD r2,[rl] —_8 | 0X1244LD 12, [13++]

O

TSN 0x12441D 12, [13++]

Figure 2: Basic concept of Uni-Targeted Instructions and
Multi-T argeted-Instructionsillustrated.

2 UTI/MTI Characterization

Memory operationsanbe classi ed into two primary cat-
egories, Uni-TargetedInstructionsand Multi-TargetedIn-
structions, basedon their referencebehaior. A Uni-
Targetedinstruction(UTI) is amemoryoperationthatonly
accessesneuniquememoryaddresover a dynamictrace
of instructions. A Multi-Targeted Instruction (MTI) ac-
cessesnultiple memoryaddresseeverthethe sametrace.

Both UTI andMTI occurrencesreidenti ed by the PC
of theinstruction,asillustratedin Figure2. In the gure,
theLD instructionatPC0x1234 readsfrom thetargetad-
dressin [rl] , which is constantregardlessof wherethe
instructionis executeddynamically This is an exampleof
UTI behaior. The LD instructionat PC 0x1244 reads
from [r3] , yet the valuein this register changesas the
dynamicexecutionprogressesThis is aninstanceof MTI
behavior. Conceptuallythe UTI maybeusingaglobalvari-
able,whereasheMTI maybetraversinganarrayor chasing
pointers.

2.1 UTI/MTI Dynamic Distrib ution

To quantify the distribution of UTI and MTI targetsin
applications, Figure 3 (a) shavs the breakdevn for the
SPEC2000benchmarksuite over the entire application.
Figure 3 (b) shavs the breakdevn on 100M instruction
tracesfrom theinterval choserby early SimPointq15].
While theseresultshave someparticularlylarge individ-
ualvariationgbzip,gcc,etc.),theaverageresultsaresimilar
(31%dynamicUTI for thefull run,29%for the SimPoints
version). To accelerateour simulations,we usethe Sim-
Pointswith the expectationthat individual IPC gainsmay
varyassuggestetly theseearlyresults yetthemeanshould
beindicative of theresultwerefull benchmarkunsused.
The correlationbetweerfull applicationsand SimPoints
for UTI behaior is shovn in Figure4. To avoid the more
glaring error casedrom skewing our results,we subsebur
benchmarlprogramsy discardingary benchmarkhathas
over 75% disagreemenbetweenthe the UTI/MTI ratio of
full runscomparedo SimPoints Anotherinterestingmpli-
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(b) 100M instructionshasecbn SimPoints
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Figure3: Distrib ution of UTI/MTI dynamic instances.
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Figure 4. The difference betweenfull application UTI dy-
namic instruction percentageand the SimPoints based100M
instruction benchmark subset.

cationis that SimPointsdoesnotaccuratelyre ect thistype
of memorybehaior, which requiresfuture exploration.

2.2 UTI/MTI Static Distrib ution

Building on this separatiorat the instructionlevel of UTI
or MTI trafc, a detailedsimulationdemonstratethatthe
actualnumberof UTI targetsis small despitethe substan-
tial dynamicinstructionpercentageTable 1 shavs there-
sultsoverthe SPEC200®enchmarkén classi cationof the
UTI-MTI behaior. TheaverageuniqueUT]I targetsfor the
full runis merely1350,andcanbe asfew as301. For the
SimPointsexecution,this averagedropsto 270 (not shavn
in Tablel).

Of theactualprogramLD/ST instructionsUTIs areless

SPEC Dynamiclnsns. Staticlnsns. Unig. Tamgets
2000 uTI MTI uTI MTI uTl MTI
ammp || 56.0B | 115B || 2.57K | 43.2K 638 | 2.63M
applu 74.6B | 94.3B || 7.80K | 111K || 1262 | 22.7M
apsi 12.8B | 168B || 11.0K | 139K || 1256 | 25.0M
bzip2 27.2B | 25.6B || 2.27K | 28.2K 301 | 78.5M
crafty 28.1B | 55.4B || 6.49K | 102K || 1095 | 408K
eon 12.7B | 24.9B || 15.2K | 127K || 5637 | 101K
equale || 12.1B | 46.5B || 1.92K | 29.4K 490 | 6.88M
facerec|| 17.1B | 53.2B || 3.76K | 72.6K 1032 | 4.08M
fma3d || 58.0B | 77.6B || 11.1K | 143K || 3016 | 15.1M
galgel 2.19B | 169B || 8.54K | 126K || 1478 | 4.71M
gap 13.5B | 89.9B || 4.08K | 77.3K || 1551 | 25.0M
gcc 2.21B | 16.1B || 19.2K | 599K || 3312 | 41.1M
gzip 19.0B | 24.0B || 2.04K | 29.5K 429 | 15.5M
lucas 30.6B | 22.4B || 3.90K | 50.0K 722 | 20.8M
mcf 889M | 19.4B || 1.33K | 20.9K 369 | 24.9M
mesa 113B | 22.5B || 5.77K | 58.1K || 1478 | 4.97M
mgrid 73.6B | 403B || 2.63K | 48.0K 608 | 7.27M
parser || 39.9B | 187B || 37.7K | 79.9K 508 | 14.7M
perl 4.66B | 6.42B || 6.82K | 89.4K || 1436 | 173K
sixtrk 626M | 2.77B || 12.0K | 159K | 2548 | 2.79M
swim 58.4B | 92.6B || 3.41K | 51.4K 770 | 25.0M
twolf 41.8B | 107B || 8.10K | 111K || 1004 | 1.00M
vortex 13.3B | 37.0B || 12.4K | 216K || 1573 | 17.2M
vpr 533M | 623M 3.27K | 47.6K 720 | 602K
wupw 26.8B | 81.2B || 2.92K | 46.7K 589 | 23.1M

Table 1: The breakdown of MTI and UTI information over
complete runs of SPEC2000benchmarks. The dynamic in-
struction count only re ects LD/ST traf c. The static instruc-
tion counts are those actual PCs which correspondto either
UTI or MIT over the program lifetime. The unique targets
are unique memory addresse®ver the lifetime of all dynamic
instructions that are classi ed asUTI or MTI.

than 6% as indicatedby the static instructiondatain Ta-
ble 1. However, these6% of instructionscomprise30% of
the dynamicLD/ST referencesThis trendof very few ac-
tual PCsgeneratinga substantiabmountof memorytraf ¢
shouldbe readily identi able. SincethosesamePCsonly
accesa few hundreduniguememorylocations the datafor
theseoperationswill t into very small caches.Lessthan
5400bytes(1350targets 4 bytes)arerequiredto holdthe
entireUTI datasetfor thefull benchmarkunson average.
Discussionof line sizingis in Section5.2. Lessthan1200
bytesarerequiredfor 100M instructionwindows basedon
SimPoints. The MTI dataset, however, comprisesat least
tensof megabytes.
Sinceapproximately5400bytescancapture30% of the
dynamicLD/ST traf ¢, whichis generatedby relatively few
instructionsamechanisno capturethisinformationin the
memory hierarchymay lead to performancegains. As a
minimum, isolationof suchUTI informationwill eliminate
pollution in this 30% of memorytrafc. Sincethe actual



Figure5: Example program structur eto illustrate the concept
of phasingand ratio changes.

uniquetargetsrepresentessthan0.01%of all memorytar
gets,variouspredictionmechanismsnay be usefulto cap-
turethis behaior.

2.3 Phasing

The considerationof MTI tamgets as a seriesof stable
UTI targetsmay capturecall-pathlocality in the reference
stream. Repeatedthainsof function calls may experience
periodswherelocal variablesare actually at constantad-

dresse#n thestack.We examinea few full benchmarkuns

to determinewhetherthis conceptof phasingis valid. The

obsenedMTI behaior in thestacksuggestshatdiscarding
history(beyonda certainage)mayrevealthatMTI memory
operationsnaybetemporallyreclassi edasUTI. Therefore
anage-basedecayof historymayrevealothertrendsinside

of theUTI-MTI landscape.

To illustrate the conceptof phasing,considerFigure 5.
Assumethat all globalvariables, , areaccessedia UTI
andthatall local variables, , areaccessedia MTI. If the
programexecution o w is arepeatingsequencalternating
betweerthepaths 1, 2 , suchthat

, thenthe local variableson the stackmay
changelocations. Using a shorthandof to represent
thetotaluniqueaddressesf type , wecande ne theUTI
uniquetargetratio of this codehammockas:

1)

The continuousoscillation betweenthe executionpaths
1,2 preventsary localvariablefrom actingasUTI. How-

ever, if theexecutionpathwereto continuouslybe only one
of the paths 1, 2 , suchas ,
thenevery passthroughtheloop will accesdocal variable
atthe sameaddres®n the stack. Eventhoughwe assumed
for this examplethatlocal variablesare MTI, if this single
pathexecutessufciently long we cantreatthesevariables
asUTI. Thiswould changeour to be:

(2)

100000 ¢
10000 ¢

1000 | o5 g

Percent UTI Increase

100

Instruction Window (Billions)

Figure6: By resettingall UTI-MTI stateevery billion instruc-
tions, the relative percentageof UTI targetsincreasesndicat-
ing phasebehavior.

For this trivial example, the phasingbehaior reduces
to the constantl — indicating that all memoryref-
erencesreeffectively UTI. In reality, theactual uctuation
basedon arrayaccessedunctioncall paths,andothervari-
ableswill causethe to uctuate during ary selected
window of dynamicexecution.

However, we cancalculatebasedn Tablel theexpected
ratio overthelifetime of eachbenchmarkThis ratio
is whatwe expectto nd if we pick a window of dynamic
instructionsfrom thatbenchmarkandre-computethe ratio
over the memoryaccessstreamin that window. By com-
paringtheperwindow to thefull benchmaricalcula-
tion, it becomegossibleto determinethe relative increase
or decreasef the unique UTI tamgetswith respectto the
total uniquetargetsin thatwindow. If the window ratio is
increasingtherearemore UTI availablefor our systemto
work with. If thewindow ratiois decreasingherearefewer
UTI for our system.Thereforetheratio canbeused
asanapproximatiorto the phasingoehaior in awindow of
dynamicinstructions.

By resettingthe capturedJTI-MTI stateinformationev-
ery billion instructions,we analyzea few benchmarkgo
determinehow their UTI percentagehangeccomparedo
afull applicationclassi cation. Figure6, usinga log-scale

axis, shaws the resultsfor gcc, gzip, mcf, andvpr, skip-
ping the rst two billion instructionsto avoid warm-upbe-
havior. Thesefew benchmarkshow the trendsthat may
be obsered over all the benchmarks.Substantiaphasing
behaior appearsvith changedetweer210-1200%in gcc
andanearlyconstan25%in mcf and4400%in vpr.

As the UTI occurrencencreasesary schemeawve design
for capturingUTI behaior shouldhave moreopportunities
for performancémprovement.However, ary decayof his-
tory which is too aggressie may resultin over pressuring
theisolatedcachereducingperformanceTo obtainthebest
performanceossibleacarefulsupportof phasingnforma-
tion shouldbeincludedin ary design.



3 The UTI cache

From the prior characterizatiomnddiscussiorof memory
referencebehaior, seseral key pointssuggestn opportu-
nity for exploitation.

1. UTI referencesre30%of all traf c onaverage.

2. Thereareonly 1350uniqueUT]! targetson average.
3. Approximately5400bytescanstorethis UTI data.
4. SomeMTIs mayactasUTIs over 100M-1Binsns.

The countingof distinct UTI targets,when considering
the 100 M instructionwindow via SimPoints,is actually
smaller—approximatel\270onaverageoverthe SPEC2000
suite. These270 averageuniquetargetsrequirelessthan
1200bytesto isolatethe UTI data.

Ourhypothesiss thatthe 70%of memorytraf ¢ whichis
MTI baseccontinuouslycon icts with the 30%thatis UTI.
TheMTI datacovers99.99%of the uniquetargetaddresses
in thedynamicprogramwhereagheUTI amountgo barely
0.01%. By preventingthe pollution betweenUTI andMTI
data,substantiaperformanceyainscanbeattained.

3.1 Capturing UTI Behavior

We proposeo addasmall,1-cycle or fastercacheo atradi-
tional processarThis smallcachejnsertedhext to the stan-
dardL1 datacachecaptureJTI datapreventingMTI pol-
lution. By remaoving the UTI datafrom the L1 datacache,
the standardlatacachewill actasanMTI cache.

A new problemarisesin how to selectbetweerthe stan-
dard L1 datacacheand our small UTI cache. The criti-
cal pathis negatively impactedby delayingcacheselection
until effective addresgeneration.This impactnecessarily
occurswheneerisolatingcertaintypesof dataor otherwise
breakingupamonolithiccachednto individualcachesPrior
artto hidethe increasdn lateng includesaddresgredic-
tion [11], fastaddressalculation[1], andvalueprediction
[20]. We proposeto avoid this problemby usinga predic-
tor atinstructiondecodetime, basedonly on the PC of the
LD/ST operationasshowvn in Figure7. This predictorlies
off thecritical path,returningapredictionbeforetheLD/ST
gueueattemptdo accessachesResultshasedon this pre-
dictor are shavn in Section4, while designspaceof this
predictoris coveredin Section5.1.

The predictorselectsbetweenthe UTI and MTI caches
atdecodetime. Whenthe LD/ST instructionexecutesthe
memorycontrollerusesthe cacheindicatedby the predic-
tion; simultaneouslythe predictoruseshe PCandeffective
addresof the LD/ST operationto updateits state.

To keepthe cachesconsistent,we must safely handle
missingin thepredicted_1 cachewhile thedatais livein the
alternatel.1 cache.We implementthis during updatefrom
the L2 cachejnvalidatinginformationin the non-predicted

<
ICache =
[ s
=
o
3 PC
=3
=}
S addr
Processor Core
L2 Cache|
pred LD/ST Q
l«—»-[UTICachd *
addr
f«—DCache

Figure7: Addition of a very small UTI cacheto the standard
processordesignpath to capture UTI/MTI behavior.

| Core Parameter I Value |
CoreFreq 3.2GHz
BranchPred Tournament
MSHRS:Prefetch/Cache 8/8

| L1 Icache I Value |
Size/LineSize/Assoc 16KB/64B/8vay
Hit Time/Prefetch 1 cycle/Enabled

| L1 Dcache I Value |
Size/LineSize/Assoc 8KB/128B/8vay
Hit Time/Prefetch 3 cycle/Enabled

| L2 (Non-Blocking) I Value |
Size/LineSize/Assoc 1MB/128B/8vay
Hit Time/Prefetch 18 cycle/Enabled

| Memory (Non-Blocking) | Value |
Type DDR SDRAM
Rating PC-3200
CAS/RAS/PRE/BudMult 3/3/3/8

Table 2: The baselineprocessormodel and cachecon gura-
tionsfor this study. The Alpha 21264usespredictionto achieve
a l-cyclehit time in the instruction cache.All valuesnot shovn
are the default 21264model parametersin Alphasim.

cache.Thistypeof handlingis similarto snoopingonabus
betweer_l andL2 cachesbut withoutthebene t of faster
accessimespossibleto neighborcaches.

3.2 Experimental Framework

To evaluateour UTI cachesystem,we use Alphasim [5].
Alphasimwascalibratedagainstanaggressie out-of-order
CompadgAlpha 21264processarWe anticipateour results
shouldberepresentatie of real gainsthatmay be achiered
in contemporanandfuture processorsThe changegrom
baselingparameterareshovnin Table2. Theseparameters
werechoserto berepresentatie of arecenthigh frequeny
processarsuchasthe Intel Pentiumd4 [3].

We extend Alphasimto track LD/ST operationswith a
predictionbit in thereorderbuffer. As soonasaninstruc-
tion is decodedthe predictoris consultedandthe predic-



tion bit set. The commitandwritebackstagesn Alphasim
updatethe predictorusingthe computedargetaddressand
generatingPC.

The outcomeof the predictionis truefor MTI cacheac-
cessor falsefor UTI cacheaccess.The actualalgorithms
andtypesof predictorsaremorefully exploredin Sectionst
and5. An always-talenpredictorshouldbehae exactly the
sameasanunmodi ed copy of Alphasimwith thesamepa-
rameterasshavn in Table2.

4 Experimental Results

To determinewhat performanceimpact our new cache
structuremay have, we must x a designfor boththe UTI
cacheandour predictor Theactualcon gurationof theUT]
cacheis a result of the sensitvity analysisfor this cache.
As discussedn Section5.2t he maximumef ciency of the
UTI cacheoccurswhenthe 2KB unit is dividedinto 4-byte
lineswith 32-way associatiity. Droppingfrom 32-way as-
sociatvity to 8-way reducegperformanceby 1%. For our
discussiorwe consideronly 32-way.

The predictorfor our studyis basednthe commorwork
of mary branchpredictorefforts. While we implemented
a few basicpredictortypes,the restof which are covered
in Section5.1, we did not make a comprehensie effort to
optimizeour predictorperformancelnsteadwe attainsub-
stantialperformanceains aftertrying only afew variations
of basicparametersOurresultsthusfarindicatethatamore
aggressie predictorwill achieve evenbetterresults.

The endresultis an IPC improvementover SPEC2000
of up to 42%, with a geometricmeanof IPC improvement
of 8%, shavn in Figure 10. Individual improvementsvary
from 0% onlucasto 42%on perl,butimportantlyno bench-
mark experiences negative impactto IPC. While IPC im-
provementsare bene cial, they are not the entire picture.
Changinghecachestructurewill besensitveto mary other
factors,suchas MSHR entries,memorybandwidth,asso-
ciativity, etc. Section5 explorestheseissues.

The basicdesignof our predictorusesa total of 8KB of
statespace.The predictoris arrangednto 4,096slotswith
16-bit entriesat eachslot. Eachentry consistsof four sub-

elds: (1) aPCtagof 5 bits; (2) anaddressagof 6 bits; (3)
acounterof 3 bits; and(4) steady-statef 2 bits.

The PCis usedto generatéboth anindex into the 4,096
slottablefrom thelower bits aswell asa smalltagfrom the
upperbits, asshovn in Figure8. Onalookup,if thetagin
the slot matcheghetagfrom this PC, thenthe predictionis
UTI if thecounteris fully saturatedo the maximumvalue.
Underary other condition— tag mismatchor unsaturated
counter—thepredictionis MTI.

The updatelogic breaksdown into two basiccases:tag
matchandtagmismatch.Theblockdiagramof updatingthe

18 14 2 0
[ ]Tag[ Index []
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s 119 6 q
Tag [SYCnt] Addr

x¢
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[o =\
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Figure8: The basiclogic of obtaining a prediction.
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Figure9: The basiclogic of updating predictor state.

predictoris shovn in Figure9. In the caseof tagmismatch,
the steady-stat¢SS)counteris decrementednlessit is al-

readyat zero. Whenthe steady-statés zeroin a tag mis-

match,thenboththetagandaddressub elds arereplaced
with the new tag andeffective addresgrom this operation.
All arithmeticis saturating.

In the caseof atag match,thedecidingfactoris whether
the addresselds match. If the addresselds match,then
the steady-statand countervaluesareincrementedIf the
addresselds fail to matchthenthecounteris decremented
while the steady-staténcrementsdue to the tag match.
Thesesteady-statdits coupledto the countercatchphas-
ing behavior, asdiscussedh Section2.3.

5 Sensitvity Analysis

Thereremainmary unexplored aspectsf the resultspre-
sentedn Sectiond. Speci cally, our systemis designedo
improve the lateng of memoryoperations.To study how
otherchangesmpactourresultswe next examineavariety
of parametershatmay interferewith the behaior the UTI

cachecapturesln Section5.1,we look athow our predictor
comparego simplealternatves. In Section5.2 we explore
the locality of the UTI cacheasalternatearrangementsf
the 2KB structureare evaluated. Section5.3 considerghe
performancechangesasthe non-blockingMSHR countis
variedfrom 1 to 16. Section5.4 exploreshow our solution
changeghe memorypressuretself in termsof main mem-
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Figure 10: IPC improvementsover the baselinedata cache
modelwith a simple predictor for our UTI cache.

ory accessesl,. 2 accessesand other considerations.An-
otherconcernis the amountof statespacestoragerequired
for our predictor which is discussedn Section5.5. For
comparisone illustrate how our schemecomparego al-
ternateusesof our increasen storagefor modernsystems
in Section5.6.

5.1 BasicPredictors

The predictorpresentedn Section4 is straightforvard, but
lacksary basisfor comparisoro otherstratejies.For com-
parisonweimplementedwo trivial predictorsrandomand
alwaysUTI. Therandompredictoris exactlyasnamed.The
alwaysUTI casecorrespondso alwayspredictingthe UTI
cache Thethird typeof predictorwe implementedor com-
parisonwaswhatwe referto asthe history predictor This
keptevery PCandeveryaddresseferencedrom thatPCin
alargetree,usingtheentirepasthistoryto make anabsolute
decisionasto whethertheinstructionis UTI or MTI.

Theresultsof thesepredictorsareshavn alongwith our
real predictorin Figure11. Theseresultsarerelative to the
baselinesystem As expectedthealwaysUTI casds asub-
stantialperformancepenalty yet it outperformsall others
oncrafty, perl,andvpr. Therandompredictionis almosten-
tirely anegative result,failing to performwell sincethrash-
ing canoccurbetweerthetwo L1 datacachestructures.

The in nite history predictor also outperformsthe real
predictor attainingthe bestresultson severalbenchmarks:
ammp, applu, apsi, gcc, gzip, mgrid, sixtrack, twolf, and
wupwise. The in nite history hasslightly higher perfor
mancethanour real predictorin just a few casesdemon-
stratingthatour predictoris clearlynotoptimal.

None of thesepredictorsrepresenta ceiling or oor on
performanceFuturework is to improve upontheseresults
with moreintelligentpredictionmechanisms.

Whatis somevhat surprisingat rst glanceis that both
the alwaysUTI andthe randompredictorcanactuallyout-
performthebaselinedatacache.For thesebenchmarksthe
limitation is not cachecapacitybut the lateng of cacheac-
cess(i.e., critical path). The UTI cache,at one cycle to
accessmeetsthe underlyingneedsof the application. As
expected,however, the generalcaseis that usingthe UTI
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Figure11: Percentspeedupof Not-Taken (UTI) and Random
predictors over the Always-Taken case(baselinedata cache).

cacheby itself or unintelligently (random)translatego a
substantiaperformancdoss.

ComparingFigure 10 to Figure 11 shaws a correlation
betweerthosebenchmarksvhich aredependentn lateng
and the magnitudeof gains seenwith our UTI cachese-
lection with a real predictor With the real predictor we
nd thatthesebenchmarksll exhibit goodperformancen-
creaseswith mesaandperl thetop two. However, we also
seethatintelligentmanagemendf the UTI cachepaysoff.
With poorselectionsixtrackwasthesingleworstperformer
for randomand always UTI predictors. With our simple
predictor we attain2.2%IPC gainfor sixtrack. Eventhose
applicationsvhich arenotobviously lateng dependentyut
ratherseemdependenbn cachesize,canbene t from our
technique.

5.2 UTI cacheStructure

The optimal designparametergor the UTI cacherequires
a sweepof several variables. Our critical concernof lim-
iting the accesdime to 1 cycle at the core processoffre-
queng limits how large our cachecanbe. We chosethe
2KB datalimit for the UTI cacheto addresghis concern.
To fully explore the optionsof line size,associatiity, and
numberof sets,we did a sweepof cacheparameterover
the SPEC200Guite. Keepingour UTI cachesize x ed,we
varyline sizefrom 4B to 64B, andassociatiity from 1-way
to 32-way. Figure12 shawvstheresultsof this sweep.

As intuition suggeststhe isolationof UTI tamgetsinto a
separateacheeffectively destrgslocality. Smallline sizes
with moderateto high associatiity outperformlong cache
lines traditionally usedto capturespatiallocality. The 32-
way, 4B line size option achieres8% IPC speedupmn av-
erage.While this con guration nearly doublesthe storage
spacedueto thetagoverheadon 4B line size,it is still ac-
cessiblewithin 1 cycle. If we insteadsettlefor an 8-way
UTI cachepur performancémprovementdropsto just un-
der7.5%.
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Figure 13: Percent IPC speedupfor the SPEC2000average
result over the baselinedata cacheasthe number of MSHRs
vary.

5.3 MSHR Sensitvity

Thusfar, we have exploredour UTI cacheasa primarysolu-
tion for improving applicationperformanceThe Alphasim
systemalsoincludesMSHRs for the prefetchsystemand
regularcacheMSHRs. The basicpurposeof the MSHR in
ary contet is to reducethe blockingdueto limited portsof
the memorysubsystem.To explore the impactof varying
MSHR capacity we analyzethe spectrumof IPC gainsas
all MSHR slotswereuniformly runthroughtherangeof 1,
2,4,8,and16. Theresultsof thisareshovnin Figurel13.

Typical modernprocessorsuchasthe Pentium4imple-
ment4-6 MSHR slots. By runningthroughthis large spec-
trum, we demonstrat¢hatwhile our systemreachesearly
10% IPC improvementwhenthe MSHRsaresetto 1, it is
still awin of 8% IPCimprovementwith MSHRsof 8. Even
with a very aggressie 16-entry MSHR system,our UTI
cachestill resultsin noticeablelPC gains. In somecases,
our resultsshov noimpactdueto theincreasedISHR ca-
pacity.

Another trend in Figure 13 is that some benchmarks
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Figurel14: Percentchangein load-load violations of the mem-
ory ordering for SPEC2000with varying MSHR levels.

displayrising performanceafter the initial dropof (asthe
MSHR countis increasedrom 1). Thebenchmarlgzip, for
example,nearlyattainsthe samelPC if the MSHR countis
1or8+.

5.4 Memory Pressue

Anothersideeffect of our UTI cacheadditionis the reduc-
tion of memorypressure We measuranemorypressuren
four metrics: (1) the load-loadmemoryviolations; (2) the
store-loadmemoryviolations; (3) L2 cacheaccessesand
(4) DRAM accesses.The rst two pressuresre directly
relatedto how long memoryoperationgake. If aloadhas
blocked,waitingfor memory thelik elihoodof asubsequent
loador storeinterferingwith it is directly proportionako the
durationof the rst operationblocking. Thereforeary re-
ductionis a boostto theoverall ef ciency of the processar

Similarly, by reducingtheamountof accessemto thel.2
cacheweareimproving theutilization of ourexistingcache
storage. ReducingDRAM utilization would be a further
improvementputis unlikely to occurwith suchasmallUTI
cache.

With our UTI cacheagainsweepingherangeof MSHR
values,Figures14, 15, 16, and 17 respectrely showv the
resultsof our four metricsundersimulation.

Our load-loadmetric exhibits a rangeof behaior, peak-
ing with a reductionby 85% in perl with 8 MSHR slots.
Corversely our load-loadviolationson gap getsworseby
17%. The geometricmeanload-loadviolation reduction
over SPEC2000s approximatelyl3%. The store-loadvio-
lation behaior is even better with a generalreductionev-
erywhereexceptfor ammpwith anMSHR of exactly 2. The
generalreductionof store-loadviolationsis approximately
8%. While this suggestghatuseof a UTI cachemay fa-
cilitate reductionof load-storequeuedy someamountwe
have notyet simulatedthe effect this would have on overall
performance.

Our L2 accesametric is almosta uniform reductionin
total bandwidth.While our reductionis up to 89%,the ge-
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Figure16: Percentchangein L2 accessefor SPEC2000with
varying MSHR levels, compared to baselinedata cachewith
equal MSHRs.

ometric meanimpactis 29% reductionin L2 accessefor
8 MSHR slots. The DRAM changesarerelatively small,
within the rangeof 5%. The geometricmeanreduction
in DRAM accessess 0.04%with a 8 MSHR slots. Since
missesareprimarily compulsorynot capacitythisis unsur
prising.

5.5 StateSpace

Our real predictor while off the critical path, usesa mod-
erateamountof statespacestorageotaling8KB. To under
standhow the performancef our real predictorvarieswith
respecto the amountof statespacestoragewe x theba-
sic algorithmasshawn in Section4 exceptwe increasehe
numberof slotsto meetthetotal desiredspace.

By varyingthe statespacefrom -KB to 512KB, we nd
thatmorethan16KB of storagds wastefulasshavnin Fig-
ure 18. At 16KB, our predictorachiezesnearly8.5%I1PC
improvement,whereasat 8KB it achiaves8%. Therefore,
theresultspresentedh Sectiord assuméhe8KB predictor
spaceaventhoughl6KB would performslightly better

The trend of Figure 18 is unusual. With too little infor-
mation,continuoudnterferencenarmsperformanceAt the
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with varying MSHR levels.

Percent Speedup

X X X X X X X 4 X X X
n - ~N < o) © o < o) © N
o‘ - (32] © N n -
- N n

Benchmark

Figure 18: Percent speedupin geometric mean IPC for the
real predictor asstate spacestorageis varied, when compared
to the baselinedata cachemodel.

peakof 16KB, the bestresultsareattainedof almost8.5%.
At the extremeend of 512KB storagespace the predictor
is ableto achiee 9% IPC gain. The drop-of from 32KB
through256KB is anartifactof thetag-bitsandsteady-state
bits beinglessusefulin our predictor Theaddresseplace-
ment,asdiscussedn Section4, only occurswhenthetag
mismatchesandthe steady-statés empty Whenthe num-
berof entriesin our predictoris sufciently large,thetagis
a seriesof bits that seldomchangecausingmuchthrashing
of thesteady-statbut notactuallyreplacingtheaddresdits
of theslot.

However, asshovn in Section5.1,evenothersimplepre-
dictors canbeatour real predictorby large mamgins. This
strongly suggestdhatthe limiting agentin performances
our predictoralgorithm. Sincewe canarbitrarily increase
the numberof slotswithout substantiallyimproving perfor
mancewe arelikely not storingthe optimalinformation.

5.6 Alter nate Comparisons

While our solutionachievesappreciabléPC gainaswell as
otherbene ts, we are altering the baselinestorageby our
addition of the UTI cache. As examplealternatves with
modernsystemswe now shav two pointsof comparison-
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Figure 19: Percent speedupin IPC for alternate cache de-
signs:the UTI cacheasan LO data cachein parallel or serialto
L1, and doubling the baseline data cachewhile keepingaccess
time constant. The real predictor is showvn for comparison.

(1) usingan LO datacachewith the samecapacityas our
UTI cache,and (2) doublingthe size of the baselinedata
cachewhile keepingthe accesgime x ed. For brevity, we
only considerlPC over the SPEC2000benchmarkshere,
with theresultsin Figure19.

The actualparameterdor the LO cachewere sweptin a
setof simulations,asthe optimal UTI cachecon guration
wasdeterminedn Section5.2. An interestingsideeffect of
thissweeps thattheoptimalLO con gurationis exactlythe
UTI cachecon guration, 32-way associatie with 4-byte
line sizes. Optimality was determinedby geometricmean
IPC over the SPEC200enchmarks On average the use
of anL0 cacheperforms8% worsethanour predictor

The drawbackto this LO designis thatit implementsa
seriallookup asatraditionalcachestructurewould. By as-
sumingtheLO is smallandlow-power, regardles®f thereal
con guration, parallellookupswouldbeamoreef cient so-
lution. Ratherthanmodify Alphasimto supportthe notion
of parallelcachelookups,we insteadmodela 2KB LO by
reducingtheaccesgsimesto all cachesn theserialchainby
1 cycle. Theendresultis anaveragelPC reductionof 3%
comparedo our baseline.

The doubling of the baselinedatacache,while keeping
accesdime constantaverageda 12.5%IPC improvement
over baseline. The surprisingresultis that doubling the
datacachesizedoesnotuniformly improvetheperformance
of all benchmark®over our UTI cachepredictor We con-
cludethatour “intelligent” managemendf the cachespace
achievesbetterresultsthanjustlargercaches.

6 Future Directionsand Implications

While this work is encouragingijt is far from the end of
possibilitiesfor additionalresearch. We lack an “oracle”
predictorfor a limit study nor do we study other possible
usesfor exploiting this UTI cache. Furtherstudy may re-
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veal a breakdevn on criticality of UTI versusMTI, a new
dimensionthatcould provide interestingresults.

6.1 Active Reseach

Presentlywe areexaminingphasebehaior overfull bench-
marklifetimes,aswell asstudyingcause®f theaccespat-
ternsto Stack,Global,andHeapregionsin memory Work
on the UTI cacheitself is pursuingpredictorsbeyond the
mostbasic,to evaluatewhethethigherprecisionmaybeob-
tainedby more advancedschemesuchas combinedpre-
dictors or the inclusion of additionalinformation suchas
branchhistory. Giventhatthe UTI cacheis a simplecon-
struct,andthatthe UTI-MTI characterizatiomasshovn a
strongset of trendsbasedon memoryregion in accesses,
it may be more practical to further break up the mono-
lithic cachestructures. Ratherthan have relatively large
L1 cachesa seriesof small, predicted-accessacheshat
sene speci ¢ typesof operationamay performbetterover
all while reducingheaccessimesandenegy consumption.

6.2 CachePeeking

Our work assumedhat thereis no cross-communication
betweenthe UTI cachefor UTI trafc andtheregular L1
datacache. A missin eitherdirectly accesseshe uni ed
L2 cachefor information;the only “communication”is an
invalidatesignalthatpropagateso the correspondingther
L1 datacache.

An initial studyhasshown thatup to 85% of UTI cache
missesn SPEC200@recontainedn theregulardatacache.
Insteadbf alwaysgoingto theL2 cachetwo alternatestrate-
giesare: (1) to parallellookup the L1 datacacheandthe
L2 cache;and(2) to serially lookupin the L1 datacache
beforecheckingtheL2 cache.Completeanalysisof thehit-
on-missrate for the UTI cacheto the L1 datacachewill
revealwhich strat@y to use.The primarydrawvbackto par
allel lookupsis theincreasegowerrequirementaswell as
portsrequired.

6.3 Compilers and Dynamic Optimizations

Many studiesin compilershave explored the idea of on-
die RAM managementithervia scratchpad2, 19] or such
systemsasthe codecachd9] andsoftwarecacheg10]. Due
to theinability to staticallydeterminewherea LD/ST oper

ationwill goin memory suchsystemshave classi ed data
cachemanagemendsimpracticalsincetheoverheadiueto
instrumentatiorof LD/ST operationss excessve. By using
the conceptof UTI/MTI behaior, it may becomepossible
to implementdatacachingsupportin a relatively ef cient

manner By furtherexploiting the phasingoehaior, full in-

strumentatiorcanbe replacedby simple addresgeststhat



causexceptionsn undesiredscenarios.

The spatiallocality of UTI targetsappeargo be quite
poor, asexploredin Section5.2. If compilerscankeeptrack
of UTI behavior, with or withoutpro ling, they mayprovide
bettercacheutilization by packingUTI datatogether Such
atechniquevould be evenmorevaluablewith the ability to
“pin” cachdines,suchthatoncetheUTI targetsareloaded,
they arenot evicted by polluting MTI trafc. This requires
carefulanalysisof data ow graphsin theintermediataep-
resentatiorof a compiler, with optionalpro le information
usedto capturephasingbehavior.

7 RelatedWork

The architecture community has invested much effort
into reducingthe memory bottleneck. More outstanding
achievementsare branchpredictors,value prediction,and
non-blockingcaches. However, we are far from the rst
groupto considerthe information contentof the reference
streamto memorydirectly. In additionto thoseworks cited
earlierin this paper thereare several other groupswhich
have coveredsomeaspect®f this work.

Perhaponeof the earlieststudieson memoryreference
behaior, by Hammerstromand Davidson[8], considered
thetheoreticabmountof informationthatcouldbegleaned
by data-dependetiehavior in referencestreamslsingthe
ideasof entrogy andstatisticalanalysisthey foundthatthe
addressingoverheadis much higher than the actual data
content,a result that still holds today as variousaddress
compressiottechniquesarenow usedto reducepower con-
sumption.

Farkasand Jouppi[7] consideredthe bene ts of non-
blocking loads, which is the baselinefor non-blocking
cachesUsingavariety of differentdesignsthey wereable
to reducemissstalls by up to a factorof 2 for integer ap-
plications.Othernumericapplicationshadmoresubstantial
gains.

Theseearlierworks are the foundationbehindthe clas-
si cation of delinquentioad operations- thoseoperations
which causea missin sucha way that performances dra-
maticallyimpacted Eventoday theidenti cation andelim-
inationof delinquentoadsis a pressingssue[14]. Industry
is also exploring mechanismgo avoid thesepenalties,in-
cludingIntel's Virtual Multithreading[21] to automatically
begin prefetchingduring delinquentstalls hopingto avoid
futurestalls.

Tyson et al [18] consideredhe referencepatternfrom
LD/ST operationsandfoundthatby controllingcacheline
allocation, memorytrafc could be reducedup to 60%.
However, Tysonetal wereunableto turnthismemorypres-
surereductioninto measurabl@erformancémprovement.

TysonandAustin [17] later considerednemoryrenam-
ing, whichusesasimilarconcepto ourUTI/MTI predictor
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They predicted,also basedon the PC, an index to specu-
lative valuesto acceleratenemoryoperations. Their idea
of aload-stoe cacheis similar to our isolationof the UTI
information,yet our techniqueis complementarguchthat
combiningbothmethodsshouldattainbetterresultsthanei-
theralone.

MoshovosandSohi[12] designed systemnto predictand
capitalizeon dependentnemoryoperationswith memory
cloakingandbypassingTheir systenof reducingghemem-
ory lateng attainecbetweer.2- 4.3%IPCimprovements.
Our systemdoesnot interferewith the cloaking/bypassing
technigueyetachiezesnearlytwice theimprovement.

All of thesetechniquedocus on reducingthe memory
bottleneckfrom modernprocessors.Our methodsoffer a
newv avenuefor exploration, by highlighting the potential
exploitation of the dynamicbehavior in LD/ST operations.
Our methodsalso appearto be complementaryo existing
techniquessuchthatadditionalgainsarepossiblevhenour
systemis appliedon top of othermethods.

One branchpredictor study by Driesenand Holzle [6]
used a similar approachto enumeratingthe actual tar-
gets of instructions. Their schemerelied on preventing
the pollution of second-stagpredictorsby easily-predicted
branches.This is similar to our desireto not mix UTI and
MTI data,sinceUTI is stable.

8 Conclusion

We presentedh new classi cationof memoryreferencebe-
havior basednthetamgetaddres®f eachLD/ST operation.
We broke our classi cationinto two broadcategories: Uni-
TargetedInstruction (UTI) and Multi-TargetedInstruction
(MTI).

We presented systemusinga UTI cache,a small2KB
cachein parallelwith thenormallL1 datacache.Thedeter
minationof whetherto accesshe primarydatacacheor the
UTI cachds madeby apredictor basecbnadecisionabout
theexpectedJTI or MTI behaior of thegeneratindnstruc-
tion PC.By usinga PC-basednon-criticalpath)prediction
systemwe areableto capturethe memorytargetbehavior
of our studygeneratingsubstantialPC gain.

We attainup to 42% IPC improvementsover SPEC2000,
with an averageimprovementof 8%. Our solution also
reducesL.2 accessedy up to 89% (average29%), while
reducingload-loadviolation trapsby up to 84% (average
13%),andstore-loadviolation trapsby up to 43% (average
8%).

We attaintheseresultsusing simplistic nite spacepre-
dictors. As mary of the resultssuggesta more sophisti-
catedpredictordesignmay attain even betterperformance
gains.
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