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Abstract

This work addressesthe problem of the increasingper-
formancedisparity betweenthe microprocessorand mem-
ory subsystem.Current L1 cachesfabricatedin deepsub-
micron processesmusteithershrink to maintaintiming, or
suffer higherlatencies,exacerbatingtheproblem.We intro-
ducea new classi�cation for thebehaviorof memorytraf-
�c, which we refer to as target behavior. Classi�cation of
the target behaviorfalls into two categories: Uni-Targeted
Instructions(UTI) and Multi-TargetedInstructions(MTI).
Onaverage, 30%of all dynamicmemoryLD/SToperations
comefromexecutionof UTIs, yetonly a few hundredstatic
instructionsare actuallyUTIs. Thismakesisolationof the
UTI targetsan avenuefor optimization. Theaddition of a
small, fast cache structure which containsonly UTI data
wouldideally reduceMTI pollutionof 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) wepresenta new characteriza-
tion of memorytraf�c basedon thenumberof targetsfrom
LD/STinstructions;(2) weexplore theunderlyingnatureof
the target division and devisea simplemechanismfor ex-
ploiting regularity basedon a UTI cache; (3) we explore
a varietyof predictionmechanismsandprocessorcon�gu-
ration optionsto determinesensitivityandtheperformance
gainsactuallyattainableunderdifferentmodernprocessor
con�gurations. We attain up to 42%IPC improvementson
SPEC2000,with a meanimprovementof 8%. Our solu-
tion alsoreducesL2 accessesbyup to 89%(average29%),
while reducingload-loadviolation trapsby up to 84%(av-
erage 13%), and store-load violation traps by up to 43%
(average8%).

1 Intr oduction

With everynew generationof microprocessor, pressuredue
to the memory bottleneck increases. Many techniques
have beenimplementedto avoid the penaltiesassociated
with main memoryaccess,suchas non-blockingcaches,
prefetching,andvalueprediction. Arguablywe cancom-
puteresultsasfastasour power andrealestatebudgetwill
tolerate,solong asthedatanecessaryis present.Sinceob-
tainingtheinformationnecessaryfor computation,whether
actualdataor instructions,remainsthe chief bottleneckin
computation,many projectshave examinedhow to move
data more ef�ciently . Theseprojectshave built models
basedonvariationsof data�ow principles,pre-computation
[16], data decoupling[4], as well as extensive compiler
analysisfor bettermemorymanagement[13].

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

Conventionalwisdomhasbeenthatif nobetterusagecan
be found, the conversionof unusedtransistorsin any die
canbe turnedinto an on-dieL3 cache.The assumptionis
thataddingmorecachewill bea worthwhile investmentof
resources.Using an approximationthatmodernmicropro-
cessors,with L1 andL2 caches,comprisesome200Mtran-
sistors,theremaining800M transistorswould make at best
a 16MB L3 cache.Evenusinga generous20-cycle access
time for this L3 cache,Figure 1 shows just what impact
sucha useof resourceswould have on the full SPEC2000
benchmarksuite. The changein geometricmeanof IPC
whenaddingtheL3 cacheto anAlpha21264is anincrease
of 1.5%. This small changeis primarily due to memory-
boundapplications,with theL3 cacheexperiencinga high
missrate. Therefore,just addinglargercachesmaynot be
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Figure1: 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, 20cycles.

anidealapproachunlesstheworking setof applicationsin-
creaseaccordingly.

We proposein this papera new mechanismto evalu-
atememoryoperations.Using this mechanism,we isolate
30% of all memorytraf�c in a specialcachestructureof
just 2KB, increasingsystemperformanceby reducingpol-
lution effects. Using a simplepredictoroff of the critical
path,we choosebetweenthe normalcacheandour cache
to generateperformanceimprovementsandreductionin L2
cacheaccesses.Othergroupshave proposedthe addition
of a small, fastcachebut have usedit in differentwaysto
achieve mixed results. The micro-cache[22] wasusedto
isolatecritical-pathdata,while thestackvalue�le [11] iso-
latedstackdata.

In speci�c, we contribute three primary resultsin this
work:

� a new mechanismto classifymemoryoperations

� a thoroughexplorationof this classi�cation

� resultsand sensitivity studiesbasedon different as-
pectsof our system

The rest of this paperis organizedas follows. In Sec-
tion 2, we presentournew ideafor memorytargetbehavior
characterization,andshow how differentbenchmarkshave
differentcharacteristics.We describea new designto ex-
ploit thisbehavior in Section3. Theperformancegainsfrom
ourcharacterizationandsolutionarepresentedin Section4.
Section5 studiestheperformancesensitivity of a varietyof
microarchitecureparameters.Ourresultsandmethodshave
implicationsin many areas,andhighlightsof theseare in
Section6. Finally, Sections7 and8 discussrelatedwork
andconclude.

UTI

...

LD r2, [r1]

...

...

Instr

LD r2, [r1]

Mem PC
...

0x1244
...

0x1244
...

0x1244
...

A
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Instr
...

LD r2, [r3++]
...

...

...

MTI

...

0x1234

...
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...

PC

LD r2, [r3++]

LD r2, [r3++]

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

2 UTI/MTI Characterization

Memoryoperationscanbeclassi�ed into two primarycat-
egories,Uni-TargetedInstructionsand Multi-TargetedIn-
structions, basedon their referencebehavior. A Uni-
TargetedInstruction(UTI) is a memoryoperationthatonly
accessesoneuniquememoryaddressover a dynamictrace
of instructions. A Multi-TargetedInstruction (MTI) ac-
cessesmultiplememoryaddressesover thethesametrace.

Both UTI andMTI occurrencesareidenti�ed by thePC
of the instruction,as illustratedin Figure2. In the �gure,
theLD instructionat PC0x1234 readsfrom thetargetad-
dressin [r1] , which is constantregardlessof wherethe
instructionis executeddynamically. This is an exampleof
UTI behavior. The LD instructionat PC 0x1244 reads
from [r3] , yet the value in this register changesas the
dynamicexecutionprogresses.This is an instanceof MTI
behavior. ConceptuallytheUTI maybeusingaglobalvari-
able,whereastheMTI maybetraversinganarrayorchasing
pointers.

2.1 UTI/MTI Dynamic Distrib ution

To quantify the distribution of UTI and MTI targets in
applications,Figure 3 (a) shows the breakdown for the
SPEC2000benchmarksuite over the entire application.
Figure 3 (b) shows the breakdown on 100M instruction
tracesfrom theinterval chosenby earlySimPoints[15].

While theseresultshave someparticularlylargeindivid-
ualvariations(bzip,gcc,etc.),theaverageresultsaresimilar
(31%dynamicUTI for thefull run, 29%for theSimPoints
version). To accelerateour simulations,we usethe Sim-
Pointswith the expectationthat individual IPC gainsmay
varyassuggestedby theseearlyresults,yetthemeanshould
beindicativeof theresultwerefull benchmarkrunsused.

Thecorrelationbetweenfull applicationsandSimPoints
for UTI behavior is shown in Figure4. To avoid themore
glaringerrorcasesfrom skewing our results,we subsetour
benchmarkprogramsby discardingany benchmarkthathas
over 75% disagreementbetweenthe the UTI/MTI ratio of
full runscomparedto SimPoints.Anotherinterestingimpli-
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(a)Full runof SPEC2000benchmarks
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(b) 100MinstructionsbasedonSimPoints
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Figure3: Distrib ution of UTI/MTI dynamic instances.
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Figure 4: The differ encebetween full application UTI dy-
namic instruction percentageand the SimPoints based100M
instruction benchmark subset.

cationis thatSimPointsdoesnotaccuratelyre�ect this type
of memorybehavior, which requiresfutureexploration.

2.2 UTI/MTI Static Distrib ution

Building on this separationat the instructionlevel of UTI
or MTI traf�c, a detailedsimulationdemonstratesthat the
actualnumberof UTI targetsis small despitethe substan-
tial dynamicinstructionpercentage.Table1 shows the re-
sultsovertheSPEC2000benchmarksin classi�cationof the
UTI-MTI behavior. TheaverageuniqueUTI targetsfor the
full run is merely1350,andcanbeasfew as301. For the
SimPointsexecution,this averagedropsto 270(not shown
in Table1).

Of theactualprogramLD/ST instructions,UTIs areless

SPEC DynamicInsns. StaticInsns. Uniq. Targets

2000 UTI MTI UTI MTI UTI 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

equake 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

Table1: 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 thoseactual PCs which correspondto either
UTI or MIT over the program lifetime. The unique targets
are unique memory addressesover 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
thedynamicLD/ST references.This trendof very few ac-
tual PCsgeneratinga substantialamountof memorytraf�c
shouldbe readily identi�able. SincethosesamePCsonly
accessafew hundreduniquememorylocations,thedatafor
theseoperationswill �t into very small caches.Lessthan
5400bytes(1350targets � 4 bytes)arerequiredto hold the
entireUTI datasetfor thefull benchmarkrunson average.
Discussionof line sizing is in Section5.2. Lessthan1200
bytesarerequiredfor 100M instructionwindows basedon
SimPoints.The MTI dataset,however, comprisesat least
tensof megabytes.

Sinceapproximately5400bytescancapture30%of the
dynamicLD/ST traf�c, whichis generatedby relatively few
instructions,amechanismto capturethis informationin the
memoryhierarchymay lead to performancegains. As a
minimum,isolationof suchUTI informationwill eliminate
pollution in this 30% of memorytraf�c. Sincethe actual
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Figure5: Exampleprogram structur eto illustrate the concept
of phasingand ratio changes.

uniquetargetsrepresentlessthan0.01%of all memorytar-
gets,variouspredictionmechanismsmaybeusefulto cap-
turethis behavior.

2.3 Phasing

The considerationof MTI targets as a seriesof stable
UTI targetsmay capturecall-pathlocality in the reference
stream.Repeatedchainsof function calls may experience
periodswherelocal variablesare actually at constantad-
dressesin thestack.Weexaminea few full benchmarkruns
to determinewhetherthis conceptof phasingis valid. The
observedMTI behavior in thestacksuggeststhatdiscarding
history(beyondacertainage)mayrevealthatMTI memory
operationsmaybetemporallyreclassi�edasUTI. Therefore
anage-baseddecayof historymayrevealothertrendsinside
of theUTI-MTI landscape.

To illustrate the conceptof phasing,considerFigure5.
Assumethat all global variables,�
� , areaccessedvia UTI
andthatall local variables,��� , areaccessedvia MTI. If the
programexecution�o w is a repeatingsequencealternating
betweenthepaths � 1, 2 � , suchthat ����������������� �
���!�����#"$"%" , thenthe local variableson the stackmay
changelocations. Using a shorthandof &('*) to represent
thetotaluniqueaddressesof type ' , wecande�ne theUTI
uniquetargetratio +�,.-0/ of this codehammockas:

+�,.-0/21 &3� �4 &3�5�768&9�:�<; (1)

The continuousoscillationbetweenthe executionpaths
� 1, 2 � preventsany localvariablefrom actingasUTI. How-
ever, if theexecutionpathwereto continuouslybeonlyone
of the paths � 1, 2 � , suchas ���!���=�#�>�����=�?"$"%" ,
theneverypassthroughtheloop will accesslocal variables
at thesameaddresson thestack.Eventhoughwe assumed
for this examplethat local variablesareMTI, if this single
pathexecutessuf�ciently long we cantreatthesevariables
asUTI. Thiswould changeour + ,.-0/ to be:

+�,.-0/21
4 &3�5�768&9�:�<;4 &3� � 68&9� � ; (2)
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Figure6: By resettingall UTI-MTI stateevery billion instruc-
tions, the relative percentageof UTI targetsincreasesindicat-
ing phasebehavior.

For this trivial example, the phasingbehavior reduces
+�,.-0/ to the constant1 – indicating that all memoryref-
erencesareeffectively UTI. In reality, theactual�uctuation
basedonarrayaccesses,functioncall paths,andothervari-
ableswill causethe +@,.-7/ to �uctuate during any selected
window of dynamicexecution.

However, wecancalculatebasedonTable1 theexpected
ratio +�,.-7/ over thelifetime of eachbenchmark.This ratio
is whatwe expectto �nd if we pick a window of dynamic
instructionsfrom thatbenchmarkandre-computethe ratio
over the memoryaccessstreamin that window. By com-
paringtheper-window + ,.-0/ to thefull benchmarkcalcula-
tion, it becomespossibleto determinetherelative increase
or decreaseof the uniqueUTI targetswith respectto the
total uniquetargetsin that window. If the window ratio is
increasing,therearemoreUTI availablefor our systemto
work with. If thewindow ratiois decreasing,therearefewer
UTI for our system.Therefore,theratio +@,.-0/ canbeused
asanapproximationto thephasingbehavior in awindow of
dynamicinstructions.

By resettingthecapturedUTI-MTI stateinformationev-
ery billion instructions,we analyzea few benchmarksto
determinehow their UTI percentagechangedcomparedto
a full applicationclassi�cation. Figure6, usinga log-scaleA

axis,shows theresultsfor gcc,gzip, mcf, andvpr, skip-
ping the�rst two billion instructionsto avoid warm-upbe-
havior. Thesefew benchmarksshow the trendsthat may
be observed over all the benchmarks.Substantialphasing
behavior appearswith changesbetween210-1200%in gcc
anda nearlyconstant225%in mcf and4400%in vpr.

As theUTI occurrenceincreases,any schemewe design
for capturingUTI behavior shouldhave moreopportunities
for performanceimprovement.However, any decayof his-
tory which is too aggressive may result in over pressuring
theisolatedcache,reducingperformance.To obtainthebest
performancepossible,acarefulsupportof phasinginforma-
tion shouldbeincludedin any design.
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3 The UTI cache

From the prior characterizationanddiscussionof memory
referencebehavior, several key pointssuggestan opportu-
nity for exploitation.

1. UTI referencesare30%of all traf�c onaverage.
2. Thereareonly 1350uniqueUTI targetsonaverage.
3. Approximately5400bytescanstorethis UTI data.
4. SomeMTIs mayactasUTIs over100M-1Binsns.

The countingof distinct UTI targets,whenconsidering
the 100 M instructionwindow via SimPoints,is actually
smaller– approximately270onaverageovertheSPEC2000
suite. These270 averageuniquetargetsrequirelessthan
1200bytesto isolatetheUTI data.

Ourhypothesisis thatthe70%of memorytraf�c whichis
MTI basedcontinuouslycon�icts with the30%thatis UTI.
TheMTI datacovers99.99%of theuniquetargetaddresses
in thedynamicprogram,whereastheUTI amountsto barely
0.01%.By preventingthepollution betweenUTI andMTI
data,substantialperformancegainscanbeattained.

3.1 Capturing UTI Behavior

Weproposeto addasmall,1-cycleor fastercacheto atradi-
tionalprocessor. Thissmallcache,insertednext to thestan-
dardL1 datacache,capturesUTI datapreventingMTI pol-
lution. By removing theUTI datafrom theL1 datacache,
thestandarddatacachewill actasanMTI cache.

A new problemarisesin how to selectbetweenthestan-
dard L1 datacacheand our small UTI cache. The criti-
cal pathis negatively impactedby delayingcacheselection
until effective addressgeneration.This impactnecessarily
occurswheneverisolatingcertaintypesof dataor otherwise
breakingupamonolithiccacheinto individualcaches.Prior
art to hide the increasein latency includesaddresspredic-
tion [11], fastaddresscalculation[1], andvalueprediction
[20]. We proposeto avoid this problemby usinga predic-
tor at instructiondecodetime, basedonly on thePCof the
LD/ST operation,asshown in Figure7. This predictorlies
off thecritical path,returningapredictionbeforetheLD/ST
queueattemptsto accesscaches.Resultsbasedon this pre-
dictor are shown in Section4, while designspaceof this
predictoris coveredin Section5.1.

The predictorselectsbetweenthe UTI andMTI caches
at decodetime. WhentheLD/ST instructionexecutes,the
memorycontrollerusesthe cacheindicatedby the predic-
tion; simultaneously, thepredictorusesthePCandeffective
addressof theLD/ST operationto updateits state.

To keep the cachesconsistent,we must safely handle
missingin thepredictedL1 cachewhile thedatais livein the
alternateL1 cache.We implementthis duringupdatefrom
theL2 cache,invalidatinginformationin thenon-predicted

Processor Core

UTICache

DCache

ICache

F
etch

D
ecode

M
T

I/U
T

I P
redictor

LD/ST Q

L2 Cache

PC

pred

addr

PC

pred

addr

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

Core Parameter Value

CoreFreq 3.2GHz
BranchPred Tournament
MSHRS:Prefetch/Cache 8/8

L1 Icache Value

Size/LineSize/Assoc 16KB/64B/8way
Hit Time/Prefetch 1 cycle/Enabled

L1 Dcache Value

Size/LineSize/Assoc 8KB/128B/8way
Hit Time/Prefetch 3 cycle/Enabled

L2 (Non-Blocking) Value

Size/LineSize/Assoc 1MB/128B/8way
Hit Time/Prefetch 18 cycle/Enabled

Memory (Non-Blocking) Value

Type DDR SDRAM
Rating PC-3200
CAS/RAS/PRE/BusMult 3/3/3/8

Table2: The baselineprocessormodel and cachecon�gura-
tions for this study. The Alpha 21264usesprediction to achieve
a 1-cyclehit time in the instruction cache.All valuesnot shown
are the default 21264model parametersin Alphasim.

cache.This typeof handlingis similar to snoopingonabus
betweenL1 andL2 caches,but without thebene�t of faster
accesstimespossibleto neighborcaches.

3.2 Experimental Framework

To evaluateour UTI cachesystem,we useAlphasim [5].
Alphasimwascalibratedagainstanaggressiveout-of-order
CompaqAlpha 21264processor. We anticipateour results
shouldberepresentativeof realgainsthatmaybeachieved
in contemporaryandfutureprocessors.The changesfrom
baselineparametersareshown in Table2. Theseparameters
werechosento berepresentativeof a recenthigh frequency
processor, suchastheIntel Pentium4 [3].

We extend Alphasim to track LD/ST operationswith a
predictionbit in the reorderbuffer. As soonasan instruc-
tion is decoded,the predictoris consultedand the predic-
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tion bit set. Thecommitandwritebackstagesin Alphasim
updatethepredictorusingthecomputedtargetaddressand
generatingPC.

Theoutcomeof thepredictionis true for MTI cacheac-
cess,or falsefor UTI cacheaccess.The actualalgorithms
andtypesof predictorsaremorefully exploredin Sections4
and5. An always-takenpredictorshouldbehaveexactly the
sameasanunmodi�ed copy of Alphasimwith thesamepa-
rametersasshown in Table2.

4 Experimental Results

To determinewhat performanceimpact our new cache
structuremayhave, we must�x a designfor both theUTI
cacheandourpredictor. Theactualcon�gurationof theUTI
cacheis a result of the sensitivity analysisfor this cache.
As discussedin Section5.2t hemaximumef�ciency of the
UTI cacheoccurswhenthe2KB unit is dividedinto 4-byte
lineswith 32-wayassociativity. Droppingfrom 32-way as-
sociativity to 8-way reducesperformanceby 1%. For our
discussionweconsideronly 32-way.

Thepredictorfor ourstudyis basedonthecommonwork
of many branchpredictorefforts. While we implemented
a few basicpredictortypes,the restof which arecovered
in Section5.1, we did not make a comprehensive effort to
optimizeour predictorperformance.Insteadwe attainsub-
stantialperformancegains,aftertrying onlyafew variations
of basicparameters.Ourresultsthusfar indicatethatamore
aggressivepredictorwill achieveevenbetterresults.

The end result is an IPC improvementover SPEC2000
of up to 42%,with a geometricmeanof IPC improvement
of 8%, shown in Figure10. Individual improvementsvary
from 0%onlucasto 42%onperl,but importantlynobench-
markexperiencesa negative impactto IPC.While IPC im-
provementsare bene�cial, they are not the entire picture.
Changingthecachestructurewill besensitiveto many other
factors,suchasMSHR entries,memorybandwidth,asso-
ciativity, etc.Section5 explorestheseissues.

Thebasicdesignof our predictorusesa total of 8KB of
statespace.Thepredictoris arrangedinto 4,096slotswith
16-bit entriesat eachslot. Eachentryconsistsof four sub-
�elds: (1) aPCtagof 5 bits; (2) anaddresstagof 6 bits; (3)
a counterof 3 bits;and(4) steady-stateof 2 bits.

ThePC is usedto generatebothan index into the4,096
slot tablefrom thelowerbitsaswell asasmalltagfrom the
upperbits, asshown in Figure8. On a lookup,if thetagin
theslot matchesthetagfrom this PC,thenthepredictionis
UTI if thecounteris fully saturatedto themaximumvalue.
Under any other condition – tag mismatchor unsaturated
counter– thepredictionis MTI.

The updatelogic breaksdown into two basiccases:tag
matchandtagmismatch.Theblockdiagramof updatingthe
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Figure8: The basiclogic of obtaining a prediction.
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R
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Figure9: The basiclogic of updating predictor state.

predictoris shown in Figure9. In thecaseof tagmismatch,
thesteady-state(SS)counteris decrementedunlessit is al-
readyat zero. Whenthe steady-stateis zeroin a tag mis-
match,thenboththetagandaddresssub�eldsarereplaced
with thenew tagandeffective addressfrom this operation.
All arithmeticis saturating.

In thecaseof a tagmatch,thedecidingfactoris whether
the address�elds match. If the address�elds match,then
thesteady-stateandcountervaluesareincremented.If the
address�elds fail to match,thenthecounteris decremented
while the steady-stateincrementsdue to the tag match.
Thesesteady-statebits coupledto the countercatchphas-
ing behavior, asdiscussedin Section2.3.

5 Sensitivity Analysis

Thereremainmany unexploredaspectsof the resultspre-
sentedin Section4. Speci�cally, our systemis designedto
improve the latency of memoryoperations.To studyhow
otherchangesimpactour results,wenext examineavariety
of parametersthatmay interferewith thebehavior theUTI
cachecaptures.In Section5.1,welook athow ourpredictor
comparesto simplealternatives. In Section5.2 we explore
the locality of the UTI cacheasalternatearrangementsof
the2KB structureareevaluated.Section5.3 considersthe
performancechangesasthe non-blockingMSHR count is
variedfrom 1 to 16. Section5.4 exploreshow our solution
changesthememorypressureitself in termsof mainmem-
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Figure 10: IPC impr ovementsover the baselinedata cache
model with a simplepredictor for our UTI cache.

ory accesses,L2 accesses,and other considerations.An-
otherconcernis theamountof statespacestoragerequired
for our predictor, which is discussedin Section5.5. For
comparison,we illustratehow our schemecomparesto al-
ternateusesof our increasein storagefor modernsystems
in Section5.6.

5.1 BasicPredictors

Thepredictorpresentedin Section4 is straightforward,but
lacksany basisfor comparisonto otherstrategies.For com-
parison,weimplementedtwo trivial predictors:randomand
alwaysUTI. Therandompredictoris exactlyasnamed.The
alwaysUTI casecorrespondsto alwayspredictingtheUTI
cache.Thethird typeof predictorweimplementedfor com-
parisonwaswhatwe refer to asthehistorypredictor. This
kepteveryPCandeveryaddressreferencedfrom thatPCin
alargetree,usingtheentirepasthistoryto makeanabsolute
decisionasto whethertheinstructionis UTI or MTI.

Theresultsof thesepredictorsareshown alongwith our
realpredictorin Figure11. Theseresultsarerelative to the
baselinesystem.As expected,thealwaysUTI caseis asub-
stantialperformancepenalty, yet it outperformsall others
oncrafty, perl,andvpr. Therandompredictionis almosten-
tirely a negativeresult,failing to performwell sincethrash-
ing canoccurbetweenthetwo L1 datacachestructures.

The in�nite history predictoralso outperformsthe real
predictor, attainingthebestresultson severalbenchmarks:
ammp,applu,apsi, gcc, gzip, mgrid, sixtrack, twolf, and
wupwise. The in�nite history hasslightly higher perfor-
mancethanour real predictorin just a few cases,demon-
stratingthatour predictoris clearlynotoptimal.

Noneof thesepredictorsrepresenta ceiling or �oor on
performance.Futurework is to improve upontheseresults
with moreintelligentpredictionmechanisms.

What is somewhat surprisingat �rst glanceis that both
thealwaysUTI andtherandompredictorcanactuallyout-
performthebaselinedatacache.For thesebenchmarks,the
limitation is not cachecapacitybut thelatency of cacheac-
cess(i.e., critical path). The UTI cache,at one cycle to
access,meetsthe underlyingneedsof the application. As
expected,however, the generalcaseis that using the UTI
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Figure11: Percent speedupof Not-Taken (UTI) and Random
predictorsover the Always-Taken case(baselinedata cache).

cacheby itself or unintelligently (random)translatesto a
substantialperformanceloss.

ComparingFigure 10 to Figure 11 shows a correlation
betweenthosebenchmarkswhicharedependenton latency
and the magnitudeof gains seenwith our UTI cachese-
lection with a real predictor. With the real predictor, we
�nd thatthesebenchmarksall exhibit goodperformancein-
creases,with mesaandperl thetop two. However, we also
seethat intelligentmanagementof theUTI cachepaysoff.
With poorselection,sixtrackwasthesingleworstperformer
for randomand always UTI predictors. With our simple
predictor, we attain2.2%IPC gainfor sixtrack.Eventhose
applicationswhicharenotobviouslylatency dependent,but
ratherseemdependenton cachesize,canbene�t from our
technique.

5.2 UTI cacheStructure

The optimal designparametersfor the UTI cacherequires
a sweepof several variables. Our critical concernof lim-
iting the accesstime to 1 cycle at the coreprocessorfre-
quency limits how large our cachecanbe. We chosethe
2KB datalimit for the UTI cacheto addressthis concern.
To fully explore the optionsof line size,associativity, and
numberof sets,we did a sweepof cacheparametersover
theSPEC2000suite.Keepingour UTI cachesize�x ed,we
vary line sizefrom 4B to 64B,andassociativity from 1-way
to 32-way. Figure12shows theresultsof this sweep.

As intuition suggests,the isolationof UTI targetsinto a
separatecacheeffectively destroys locality. Smallline sizes
with moderateto high associativity outperformlong cache
lines traditionally usedto capturespatiallocality. The 32-
way, 4B line sizeoption achieves8% IPC speedupon av-
erage.While this con�guration nearlydoublesthe storage
spacedueto the tagoverheadon 4B line size,it is still ac-
cessiblewithin 1 cycle. If we insteadsettlefor an 8-way
UTI cache,our performanceimprovementdropsto just un-
der7.5%.
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Figure13: Percent IPC speedupfor the SPEC2000average
result over the baselinedata cacheas the number of MSHRs
vary.

5.3 MSHR Sensitivity

Thusfar, wehaveexploredourUTI cacheasaprimarysolu-
tion for improving applicationperformance.TheAlphasim
systemalso includesMSHRs for the prefetchsystemand
regularcacheMSHRs. Thebasicpurposeof theMSHR in
any context is to reducetheblockingdueto limited portsof
the memorysubsystem.To explore the impactof varying
MSHR capacity, we analyzethe spectrumof IPC gainsas
all MSHR slotswereuniformly run throughtherangeof 1,
2, 4, 8, and16. Theresultsof thisareshown in Figure13.

Typical modernprocessorssuchasthe Pentium4imple-
ment4-6 MSHR slots.By runningthroughthis largespec-
trum, we demonstratethatwhile our systemreachesnearly
10% IPC improvementwhentheMSHRsaresetto 1, it is
still awin of 8%IPCimprovementwith MSHRsof 8. Even
with a very aggressive 16-entryMSHR system,our UTI
cachestill resultsin noticeableIPC gains. In somecases,
our resultsshow no impactdueto theincreasedMSHR ca-
pacity.

Another trend in Figure 13 is that some benchmarks
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Figure14: Percentchangein load-loadviolations of the mem-
ory ordering for SPEC2000,with varying MSHR levels.

display rising performanceafter the initial dropoff (as the
MSHRcountis increasedfrom 1). Thebenchmarkgzip,for
example,nearlyattainsthesameIPC if theMSHR countis
1 or 8+.

5.4 Memory Pressure

Anothersideeffect of our UTI cacheadditionis thereduc-
tion of memorypressure.We measurememorypressurein
four metrics: (1) the load-loadmemoryviolations; (2) the
store-loadmemoryviolations; (3) L2 cacheaccesses;and
(4) DRAM accesses.The �rst two pressuresare directly
relatedto how long memoryoperationstake. If a loadhas
blocked,waitingfor memory, thelikelihoodof asubsequent
loador storeinterferingwith it is directlyproportionalto the
durationof the �rst operationblocking. Therefore,any re-
ductionis a boostto theoverallef�ciency of theprocessor.

Similarly, by reducingtheamountof accessesinto theL2
cache,weareimproving theutilizationof ourexistingcache
storage. ReducingDRAM utilization would be a further
improvement,but is unlikely to occurwith suchasmallUTI
cache.

With our UTI cacheagainsweepingtherangeof MSHR
values,Figures14, 15, 16, and 17 respectively show the
resultsof our four metricsundersimulation.

Our load-loadmetricexhibits a rangeof behavior, peak-
ing with a reductionby 85% in perl with 8 MSHR slots.
Conversely, our load-loadviolationson gapgetsworseby
17%. The geometricmeanload-loadviolation reduction
overSPEC2000is approximately13%. Thestore-loadvio-
lation behavior is evenbetter, with a generalreductionev-
erywhereexceptfor ammpwith anMSHRof exactly2. The
generalreductionof store-loadviolationsis approximately
8%. While this suggeststhat useof a UTI cachemay fa-
cilitate reductionof load-storequeuesby someamount,we
havenot yet simulatedtheeffect this wouldhaveonoverall
performance.

Our L2 accessmetric is almosta uniform reductionin
total bandwidth.While our reductionis up to 89%,thege-
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Figure16: Percentchangein L2 accessesfor SPEC2000,with
varying MSHR levels, compared to baselinedata cachewith
equalMSHRs.

ometricmeanimpact is 29% reductionin L2 accessesfor
8 MSHR slots. The DRAM changesare relatively small,
within the rangeof � 5%. The geometricmeanreduction
in DRAM accessesis 0.04%with a 8 MSHR slots. Since
missesareprimarily compulsory, notcapacity, this is unsur-
prising.

5.5 StateSpace

Our real predictor, while off the critical path,usesa mod-
erateamountof statespacestoragetotaling8KB. To under-
standhow theperformanceof our realpredictorvarieswith
respectto theamountof statespacestorage,we �x theba-
sic algorithmasshown in Section4 exceptwe increasethe
numberof slotsto meetthetotaldesiredspace.

By varyingthestatespacefrom
�

� KB to 512KB,we �nd
thatmorethan16KB of storageis wastefulasshown in Fig-
ure 18. At 16KB, our predictorachievesnearly8.5%IPC
improvement,whereasat 8KB it achieves8%. Therefore,
theresultspresentedin Section4 assumethe8KB predictor
spaceeventhough16KB wouldperformslightly better.

The trendof Figure18 is unusual.With too little infor-
mation,continuousinterferenceharmsperformance.At the
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Figure 18: Percent speedupin geometric mean IPC for the
realpredictor asstatespacestorageis varied, whencompared
to the baselinedata cachemodel.

peakof 16KB, thebestresultsareattainedof almost8.5%.
At the extremeendof 512KB storagespace,the predictor
is ableto achieve 9% IPC gain. The drop-off from 32KB
through256KBis anartifactof thetag-bitsandsteady-state
bits beinglessusefulin our predictor. Theaddressreplace-
ment,asdiscussedin Section4, only occurswhenthe tag
mismatchesandthesteady-stateis empty. Whenthenum-
berof entriesin our predictoris suf�ciently large,thetagis
a seriesof bits thatseldomchangecausingmuchthrashing
of thesteady-statebut notactuallyreplacingtheaddressbits
of theslot.

However, asshown in Section5.1,evenothersimplepre-
dictorscanbeatour real predictorby large margins. This
stronglysuggeststhat the limiting agentin performanceis
our predictoralgorithm. Sincewe canarbitrarily increase
thenumberof slotswithout substantiallyimproving perfor-
mance,wearelikely not storingtheoptimalinformation.

5.6 Alter nateComparisons

While oursolutionachievesappreciableIPCgainaswell as
otherbene�ts, we arealteringthe baselinestorageby our
addition of the UTI cache. As examplealternativeswith
modernsystems,we now show two pointsof comparison–
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Figure 19: Percent speedupin IPC for alternate cachede-
signs: the UTI cacheasan L0 data cachein parallel or serial to
L1, and doubling the baseline data cachewhile keepingaccess
time constant.The realpredictor is shown for comparison.

(1) usingan L0 datacachewith the samecapacityasour
UTI cache,and (2) doubling the sizeof the baselinedata
cachewhile keepingtheaccesstime �x ed. For brevity, we
only considerIPC over the SPEC2000benchmarkshere,
with theresultsin Figure19.

The actualparametersfor the L0 cacheweresweptin a
setof simulations,asthe optimal UTI cachecon�guration
wasdeterminedin Section5.2.An interestingsideeffectof
thissweepis thattheoptimalL0 con�gurationis exactlythe
UTI cachecon�guration, 32-way associative with 4-byte
line sizes. Optimality wasdeterminedby geometricmean
IPC over the SPEC2000benchmarks.On average,theuse
of anL0 cacheperforms8% worsethanourpredictor.

The drawbackto this L0 designis that it implementsa
seriallookupasa traditionalcachestructurewould. By as-
sumingtheL0 is smallandlow-power, regardlessof thereal
con�guration,parallellookupswouldbeamoreef�cient so-
lution. Ratherthanmodify Alphasimto supportthenotion
of parallelcachelookups,we insteadmodela 2KB L0 by
reducingtheaccesstimesto all cachesin theserialchainby
1 cycle. Theendresultis an averageIPC reductionof 3%
comparedto our baseline.

The doublingof the baselinedatacache,while keeping
accesstime constant,averageda 12.5%IPC improvement
over baseline. The surprisingresult is that doubling the
datacachesizedoesnotuniformly improvetheperformance
of all benchmarksover our UTI cachepredictor. We con-
cludethatour “intelligent” managementof thecachespace
achievesbetterresultsthanjust largercaches.

6 Futur e Dir ectionsand Implications

While this work is encouraging,it is far from the end of
possibilitiesfor additionalresearch.We lack an “oracle”
predictorfor a limit study, nor do we studyotherpossible
usesfor exploiting this UTI cache.Furtherstudymay re-

veal a breakdown on criticality of UTI versusMTI, a new
dimensionthatcouldprovide interestingresults.

6.1 ActiveResearch

Presently, weareexaminingphasebehavior overfull bench-
marklifetimes,aswell asstudyingcausesof theaccesspat-
ternsto Stack,Global,andHeapregionsin memory. Work
on the UTI cacheitself is pursuingpredictorsbeyond the
mostbasic,to evaluatewhetherhigherprecisionmaybeob-
tainedby moreadvancedschemessuchas combinedpre-
dictors or the inclusion of additional information suchas
branchhistory. Given that the UTI cacheis a simplecon-
struct,andthat the UTI-MTI characterizationhasshown 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 caches,a seriesof small, predicted-accesscachesthat
serve speci�c typesof operationsmayperformbetterover-
all while reducingtheaccesstimesandenergyconsumption.

6.2 CachePeeking

Our work assumedthat there is no cross-communication
betweenthe UTI cachefor UTI traf�c and the regular L1
datacache. A miss in eitherdirectly accessesthe uni�ed
L2 cachefor information; theonly “communication”is an
invalidatesignalthatpropagatesto thecorrespondingother
L1 datacache.

An initial studyhasshown thatup to 85%of UTI cache
missesin SPEC2000arecontainedin theregulardatacache.
Insteadof alwaysgoingto theL2 cache,two alternatestrate-
giesare: (1) to parallel lookup the L1 datacacheandthe
L2 cache;and(2) to serially lookup in the L1 datacache
beforecheckingtheL2 cache.Completeanalysisof thehit-
on-missrate for the UTI cacheto the L1 datacachewill
revealwhichstrategy to use.Theprimarydrawbackto par-
allel lookupsis theincreasedpowerrequirementsaswell as
portsrequired.

6.3 Compilers and Dynamic Optimizations

Many studiesin compilershave explored the idea of on-
dieRAM management,eithervia scratchpad[2, 19] or such
systemsasthecodecache[9] andsoftwarecache[10]. Due
to theinability to staticallydeterminewherea LD/ST oper-
ationwill go in memory, suchsystemshave classi�ed data
cachemanagementasimpracticalsincetheoverheaddueto
instrumentationof LD/ST operationsis excessive. By using
theconceptof UTI/MTI behavior, it maybecomepossible
to implementdatacachingsupportin a relatively ef�cient
manner. By furtherexploiting thephasingbehavior, full in-
strumentationcanbe replacedby simpleaddressteststhat
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causeexceptionsin undesiredscenarios.
The spatial locality of UTI targetsappearsto be quite

poor, asexploredin Section5.2. If compilerscankeeptrack
of UTI behavior, with orwithoutpro�ling, they mayprovide
bettercacheutilization by packingUTI datatogether. Such
a techniquewouldbeevenmorevaluablewith theability to
“pin” cachelines,suchthatoncetheUTI targetsareloaded,
they arenot evictedby polluting MTI traf�c. This requires
carefulanalysisof data�ow graphsin the intermediaterep-
resentationof a compiler, with optionalpro�le information
usedto capturephasingbehavior.

7 RelatedWork

The architecture community has invested much effort
into reducingthe memorybottleneck. More outstanding
achievementsare branchpredictors,valueprediction,and
non-blockingcaches. However, we are far from the �rst
groupto considerthe informationcontentof the reference
streamto memorydirectly. In additionto thoseworkscited
earlier in this paper, thereare several other groupswhich
havecoveredsomeaspectsof this work.

Perhapsoneof theearlieststudieson memoryreference
behavior, by Hammerstromand Davidson [8], considered
thetheoreticalamountof informationthatcouldbegleaned
by data-dependentbehavior in referencestreams.Usingthe
ideasof entropy andstatisticalanalysis,they foundthatthe
addressingoverheadis much higher than the actualdata
content,a result that still holds today as variousaddress
compressiontechniquesarenow usedto reducepowercon-
sumption.

Farkasand Jouppi [7] consideredthe bene�ts of non-
blocking loads, which is the baselinefor non-blocking
caches.Usinga varietyof differentdesigns,they wereable
to reducemissstallsby up to a factorof 2 for integer ap-
plications.Othernumericapplicationshadmoresubstantial
gains.

Theseearlierworks are the foundationbehindthe clas-
si�cation of delinquentload operations– thoseoperations
which causea missin sucha way thatperformanceis dra-
maticallyimpacted.Eventoday, theidenti�cation andelim-
inationof delinquentloadsis apressingissue[14]. Industry
is alsoexploring mechanismsto avoid thesepenalties,in-
cludingIntel's Virtual Multithreading[21] to automatically
begin prefetchingduring delinquentstallshopingto avoid
futurestalls.

Tyson et al [18] consideredthe referencepatternfrom
LD/ST operations,andfoundthatby controllingcacheline
allocation, memory traf�c could be reducedup to 60%.
However, Tysonetal wereunableto turn thismemorypres-
surereductioninto measurableperformanceimprovement.

TysonandAustin [17] later consideredmemoryrenam-
ing, whichusesasimilarconceptto ourUTI/MTI predictor.

They predicted,also basedon the PC, an index to specu-
lative valuesto acceleratememoryoperations.Their idea
of a load-store cache is similar to our isolationof theUTI
information,yet our techniqueis complementarysuchthat
combiningbothmethodsshouldattainbetterresultsthanei-
theralone.

MoshovosandSohi[12] designedasystemto predictand
capitalizeon dependentmemoryoperationswith memory
cloakingandbypassing.Theirsystemof reducingthemem-
ory latency attainedbetween3.2- 4.3%IPCimprovements.
Our systemdoesnot interferewith the cloaking/bypassing
technique,yetachievesnearlytwice theimprovement.

All of thesetechniquesfocus on reducingthe memory
bottleneckfrom modernprocessors.Our methodsoffer a
new avenuefor exploration, by highlighting the potential
exploitationof thedynamicbehavior in LD/ST operations.
Our methodsalsoappearto be complementaryto existing
techniques,suchthatadditionalgainsarepossiblewhenour
systemis appliedon topof othermethods.

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

8 Conclusion

We presenteda new classi�cationof memoryreferencebe-
havior basedonthetargetaddressof eachLD/ST operation.
We brokeour classi�cationinto two broadcategories:Uni-
TargetedInstruction(UTI) andMulti-TargetedInstruction
(MTI).

We presenteda systemusinga UTI cache,a small 2KB
cachein parallelwith thenormalL1 datacache.Thedeter-
minationof whetherto accesstheprimarydatacacheor the
UTI cacheis madeby apredictor, basedonadecisionabout
theexpectedUTI or MTI behavior of thegeneratinginstruc-
tion PC.By usinga PC-based(non-criticalpath)prediction
system,we areableto capturethememorytargetbehavior
of our studygeneratingsubstantialIPCgain.

We attainup to 42%IPC improvementsoverSPEC2000,
with an averageimprovementof 8%. Our solution also
reducesL2 accessesby up to 89% (average29%), while
reducingload-loadviolation trapsby up to 84% (average
13%),andstore-loadviolation trapsby up to 43%(average
8%).

We attaintheseresultsusingsimplistic �nite spacepre-
dictors. As many of the resultssuggest,a more sophisti-
catedpredictordesignmay attaineven betterperformance
gains.
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