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Abstract. : Theamountof informationrecordedn the predictiontablesof

the addresgredictorsturnsout to be comparableo currenton-chipcache
sizes.To reducetheir areacost,we considerthe spatial-localitypropertyof
memory references.We proposeto split the addressesn two parts
(high-ordemits andlow-orderbits) andrecordthemin differenttables.This
organizatioraellowsto recordonly onceeveryuniquehigh-ordemits. We use

it in a last-addresgredictor and our evaluationsshow that it produces
significant area-cost reductions (28%-60%) without performance decreases.

1 Introduction

True-dataandcontroldependenciearethe majorbottleneckfor exploitingILP. Some
works [4][6][11] proposethe use of prediction and speculationto overcomedata
dependenciesn loadinstructionsthereis atrue-datadependencbetweertheaddress
computationrandthe memoryaccessthis dependenceontributesto the largelatency
of theloadinstructionsandcanaffectprocessoperformanceThen,addresgredictors
are valuable to access memory speculatively [4][10].

A typical address-predictiomodel is the last-addresg11]. It assumeghat a load

instruction will computethe sameaddressthat the one computedin its previous
executionProposal®f last-addrespredictorgd4][6] employadirect-mapped\ddress
Table(AT), indexedwith somebits of the PC.EachAT entrycontainghelastaddress
computedoy aloadinstruction,a two-bit confidencecounter,andatag. We namethis

predictorBase Last-Address Predict{P).

Last addresgredictorsuse predictiontablesthat recordup to 4.096 64-bit addresses
[2][10], thatis, 32 Kbytes;thatis comparabléo currenton-chipcachesizes However,
thepreviousdesignslo notexploitthelocality of theaddressed his propertyhasbeen
usedin otherworksto takedifferentadvantage§3][12][13] (a detaileddescriptionof
relatedworkscanbefoundin [9]). In this paperwe proposea neworganizatiorof the
predictiontableandwe applyit to atypical last-addrespredictorto obtainasignificant
area-cost reduction.

This papelis organizedasfollows. Section2 present®ur proposal Section3 evaluates
our proposal, and Sectidgnsummarizes the conclusions of this work.
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2 Two-Level Address Predictor

2.1 Basic idea

Effectiveaddressesxhibittemporalandspatiallocality; it producesedundancyn AT
contentsForinstancedifferentaccesseto the sameglobalvariableproducetemporal
redundancyAlso, variablesstoredn consecutivaddresseandstackaccessegroduce
spatial redundancy. We propose an organization to record them non redundantly.
AT is split in two parts:the Low-AddressTable (LAT) andthe High-AddressTable
(HAT). LAT recordsthe low-orderbits of the addresseandHAT the high-orderbits;
moreovergachLAT entryis linkedto aHAT entry.Then,aHAT entrycanbeshared
by severalLAT entries.We apply this organizationto the BP and we obtain the
Two-Level Address Predictor (2LAP); Figurel shows its scheme.

To predicta load instruction,2LAP indexesLAT usingthe load-instructionPC; this
accesbtainsthe low-orderaddresgortion and a link to HAT. After that, HAT is
accessedo obtainthe high-orderportion. This sequentialaccessdoesnot imply an
implementatiorrestrictionbecausé. AT canbe accesseearlyin the pipelineandthe
largenumberof pipelinestagedeforeissuinganinstruction;for instance5 stagesn
an Alpha 21264[1]. Moreover,we could reducethe critical path of the speculative
access by recording in LAT enough bits for indexing the cache.
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Fig. 1.Two-Level Address Predictor

2.2 Locality analysis and HAT size

Thereis atrade-offbetweenthe numberof HAT entriesandthe bits of the low-order
portions(b). To obtainrecommendedizeswe evaluatehelocality in AT contentg9];
thesuggestioris b=10,12or 14and64 HAT entries We choosehisHAT sizebecause
upto 96-entryHAT's canbeaccessetllly associativelyn asingleprocessocycle[5].

2.3 Prediction-table management

2LAP updated AT like BP updatesAT, usingthe always-allocate policy. Also, before
recordingahigh-ordemortionin HAT, 2LAP mustverify if it is yetrecordedTo check
it, 2LAP looksfor the high-ordemortionin HAT. If it is found (HAT hit), bothentries
are linked; if not, a HAT entry is evicted.

HAT replacement and tracing empty HAT entries

To reducethe eviction from HAT of usefulinformation, we trace HAT entriesnot
relatedto any LAT entry (emptyHAT entries).To detectit, we relateto everyHAT

entryalink counterthatreflectsthenumberof LAT entrieslinkedto it (link_counter in

Figurel). If none empty HAT entry is found, the replacementalgorithm selects



randomlyoneHAT entrybuttheMRU one(no-MRU replacemenalgorithm).We have
usedthis algorithm becausehe implementationof LRU algorithmis complexand
expensivefor largetables.We haveevaluatedhe performancelecreasgroducedby
this decision: it is limited by 2.4% fdr=10, 1% forb=12, and negligible fob=14.
2LAP updateghelink counteron LAT replacementandon change®f thehigh-order
portionrelatedto a LAT entry.On HAT replacementshe LAT entrieslinked to the
evictedHAT entryarenotinvalidatedto simplify the design.This decisionis possible
becaus@LAP is relatedto an speculativeanechanismbut it producesnispredictions.
Our experimentshowthatusingthree-bitlink countershe performancenf the 2LAP
is almostsaturatedThesecountersestimatemptyHAT entrieswith ahighcorrectness.

Filtering-out some high-order portions in HAT

2LAP allocatesunpredictabléoadinstructionsn LAT butavoidstheallocationin HAT
of their high-orderportions,i.e., their LAT entriesare not linked to any HAT entry.
Moreover thelink is brokenwhentheclassificationof aloadinstructionchangegrom
predictable to unpredictable, and only is re-established when it changes again.

Theaddresghunkstoredin low_addressfield of LAT is usedto keepon updatingthe
classificationof the unpredictablénstructionsithe basicideaof this classificationhas
beenproposedin [7]. Also, the chunk is selecteddynamically (chunk_id field in
Figurel) becausehe accuracyof 2LAP in programswith large-stridedreferences
(ijpeg) can be affected.

Filtering HAT allocations and managing empty HAT entries

We haveevaluatedhe four possibilitiesthatappearconsideringa) filtering-out HAT
allocations,and b) managingempty HAT entries.Our experimentsshow that both
policiesshouldbe appliedat the sametime, speciallyin codeswith alargeworking set
of high order portions and medium-predictable instructigos, ¢o, vortex).

3 Evaluation: 2LAP versus BP

This section compares2LAP versus BP, both using bounded prediction tables.
Working-setsizeof staticloadinstructionsof theprogramg8] justifiesthattheselected
LAT sizes range from 256 to 4.096 entries.

3.1 Area cost of the predictors

We evaluatethe areacostof a predictorasthe amountof informationthatit records.
Following formulasshowthe areacostof BP and2LAP using64-bitlogical addresses,
t-bit tags, 3-bit link counters, arbit address chunks.

BasePredictor .
= (t+64+2)x ATentries
AreaCost

2LAP
AreaCost
Taglengthinfluenceson predictoraccuracyln the analysedcodes|[8] showsthatBP
accuracysaturatesvhenthenumberof indexandtagbitsis 17; then,we comparghese
configurationsThearea-costeductionfrom a BP to a 2LAP with the samenumberof
AT andLAT entriesrangesrom 37%(256entriespb=14)to 60%(4.096entriesb=10).

= (3+(64-b)) x HATentries+ BongATentries+ (Iog %ﬂ +b+2+ t%x LATentries+log,HATentries
2



3.2 Captured address predictability

The captured address predictability is defined as the percentage of correct predictions
out of the number of executed load instructions. We will evaluate the predictability
captured by severa predictor configurations in the integer codes of the SPEC-95 with
the largest working-set size of static load instructions (remaining programs present a
similar behaviour but in adifferent table-size range). Our results were obtained running
Alpha binaries instrumented with ATOM; programs were run until completion using
reference input sets.
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Fig. 2.Predictability captured by BP and 2LAP in several benchmarks. Horizontal axes stand
for base-10 logarithm of predictor area cost, vertical axes stand for captured predictability.

Figure 2 shows the predictability captured by 2L AP and BP. Horizontal axes stand for
area cost and vertical axes for captured predictability. Leftmost top graph is labelled
with the number of AT and LAT entries of the configurations.Area-cost reduction from
a 2LAP to a BP with the same number of LAT and AT entries do not represent a
performance loss; for AT entriessLAT entries=4.096, a continuous oval surrounds
these configurations. When LAT entries=2xAT entries (configurations surrounded by
a dashed oval for LAT entries=2xAT entries=2.048), we obtain configurations with
similar area cost. 2L AP outperform BP because LAT hasless capacity missesthan AT.

3.3 Accuracy

The accuracy of a predictor is defined as the percent of correct predictions out of the
number of predictions. As every misprediction could produce a penaty of several
processor cycles, the 2LAP should not present a lower accuracy than the BP. Our
evaluations show that for b=10, 2L AP presents a slightly lower accuracy than the BP
(in the worst benchmark -gcc- the difference is limited by 0.7%). For b=14, the
differenceisnegligible. We present in [9] a detailed accuracy comparison.



4 Conclusions

We haveshownthat the spatial-localitypropertyof the memoryreferencegproduces
redundancyn the predictiontables We havetakenadvantag®f this factto reducethe
areacostof the predictiontables.Our proposalsplits the addressesomputedby the
load instructionsin two parts: high-orderand low-order portion. Addresseswith the
same high-order portion are recorded sharing one copy of the portion. Also,
managemerdf emptyHAT entries andfiltering-outallocationsof high-ordemortions
related to unpredictable instructions improve the performance of the proposal.
Other predictionmodels(stride, contextand hybrid) can also take advantageof the
locality of the addresses to reduce their area cost.

This work proposesa new organizationof the predictiontable but it maintainsthe
allocationpolicy, then,our proposapredictsthesamenstructionghantheBP,andIPC
speed-up is the one reported in other works [2][4][10].
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