
Two-Level Address Storage
and Address Prediction

Enric Morancho, José María Llabería and Àngel Olivé

Computer Architecture Department - Universitat Politècnica de Catalunya (Spain)1

Abstract. : Theamountof informationrecordedin thepredictiontablesof
the addresspredictorsturnsout to be comparableto currenton-chipcache
sizes.To reducetheir areacost,we considerthespatial-localitypropertyof
memory references.We propose to split the addressesin two parts
(high-orderbitsandlow-orderbits)andrecordthemin differenttables.This
organizationallowsto recordonly onceeveryuniquehigh-orderbits.Weuse
it in a last-addresspredictor and our evaluationsshow that it produces
significant area-cost reductions (28%-60%) without performance decreases.

1 Introduction

True-dataandcontroldependenciesarethemajorbottleneckfor exploitingILP. Some
works [4][6][11] proposethe use of prediction and speculationto overcomedata
dependencies.In loadinstructions,thereis a true-datadependencebetweentheaddress
computationandthememoryaccess;this dependencecontributesto the largelatency
of theloadinstructionsandcanaffectprocessorperformance.Then,addresspredictors
are valuable to access memory speculatively [4][10].

A typical address-predictionmodel is the last-address[11]. It assumesthat a load
instruction will computethe sameaddressthat the one computedin its previous
execution.Proposalsof last-addresspredictors[4][6] employadirect-mappedAddress
Table(AT), indexedwith somebitsof thePC.EachAT entrycontainsthelastaddress
computedby a loadinstruction,a two-bit confidencecounter,anda tag.We namethis
predictorBase Last-Address Predictor (BP).

Last addresspredictorsusepredictiontablesthat recordup to 4.09664-bit addresses
[2][10], thatis, 32Kbytes;thatis comparableto currenton-chipcachesizes.However,
thepreviousdesignsdonotexploit thelocality of theaddresses.Thispropertyhasbeen
usedin otherworks to takedifferentadvantages[3][12][13] (a detaileddescriptionof
relatedworkscanbefoundin [9]). In thispaper,weproposeaneworganizationof the
predictiontableandweapplyit to atypical last-addresspredictorto obtainasignificant
area-cost reduction.

Thispaperis organizedasfollows.Section2 presentsourproposal.Section3 evaluates
our proposal, and Section4 summarizes the conclusions of this work.
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2 Two-Level Address Predictor

2.1 Basic idea
Effectiveaddressesexhibit temporalandspatiallocality; it producesredundancyin AT
contents.For instance,differentaccessesto thesameglobalvariableproducetemporal
redundancy.Also,variablesstoredin consecutiveaddressesandstackaccessesproduce
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 recordsthelow-orderbits of theaddressesandHAT thehigh-orderbits;
moreover,eachLAT entryis linked to a HAT entry.Then,a HAT entrycanbeshared
by severalLAT entries.We apply this organizationto the BP and we obtain the
Two-Level Address Predictor (2LAP); Figure1 shows its scheme.

To predicta load instruction,2LAP indexesLAT usingthe load-instructionPC; this
accessobtainsthe low-orderaddressportion anda link to HAT. After that, HAT is
accessedto obtain the high-orderportion. This sequentialaccessdoesnot imply an
implementationrestrictionbecauseLAT canbeaccessedearly in thepipelineandthe
largenumberof pipelinestagesbeforeissuingan instruction;for instance,5 stagesin
an Alpha 21264[1]. Moreover,we could reducethe critical path of the speculative
access by recording in LAT enough bits for indexing the cache.

Fig. 1.Two-Level Address Predictor.

2.2 Locality analysis and HAT size
Thereis a trade-offbetweenthenumberof HAT entriesandthebits of the low-order
portions(b). To obtainrecommendedsizes,weevaluatethelocality in AT contents[9];
thesuggestionis b=10,12or 14and64HAT entries.WechoosethisHAT sizebecause
upto 96-entryHAT's canbeaccessedfully associativelyin asingleprocessorcycle[5].

2.3 Prediction-table management
2LAP updatesLAT like BPupdatesAT, usingthealways-allocate policy.Also,before
recordingahigh-orderportionin HAT, 2LAP mustverify if it is yetrecorded.To check
it, 2LAP looksfor thehigh-orderportionin 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 useful information,we traceHAT entriesnot
relatedto any LAT entry (emptyHAT entries).To detectit, we relateto everyHAT
entrya link counterthatreflectsthenumberof LAT entrieslinkedto it (link_counter in
Figure1). If none empty HAT entry is found, the replacementalgorithm selects
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randomlyoneHAT entrybuttheMRU one(no-MRUreplacementalgorithm).Wehave
usedthis algorithm becausethe implementationof LRU algorithm is complexand
expensivefor largetables.We haveevaluatedtheperformancedecreaseproducedby
this decision: it is limited by 2.4% forb=10, 1% forb=12, and negligible forb=14.

2LAP updatesthelink counteronLAT replacementsandonchangesof thehigh-order
portion relatedto a LAT entry.On HAT replacements,the LAT entrieslinked to the
evictedHAT entryarenot invalidatedto simplify thedesign.This decisionis possible
because2LAP is relatedto anspeculativemechanism,but it producesmispredictions.
Our experimentsshowthatusingthree-bitlink counterstheperformanceof the2LAP
isalmostsaturated.ThesecountersestimateemptyHAT entrieswith ahighcorrectness.

Filtering-out some high-order portions in HAT
2LAPallocatesunpredictableloadinstructionsin LAT butavoidstheallocationin HAT
of their high-orderportions,i.e., their LAT entriesarenot linked to any HAT entry.
Moreover,thelink is brokenwhentheclassificationof a loadinstructionchangesfrom
predictable to unpredictable, and only is re-established when it changes again.

Theaddresschunkstoredin low_address field of LAT is usedto keepon updatingthe
classificationof theunpredictableinstructions;thebasicideaof this classificationhas
beenproposedin [7]. Also, the chunk is selecteddynamically (chunk_id field in
Figure1) becausethe accuracyof 2LAP in programswith large-stridedreferences
(ijpeg) can be affected.

Filtering HAT allocations and managing empty HAT entries
We haveevaluatedthefour possibilitiesthatappearconsidering:a) filtering-out HAT
allocations,and b) managingempty HAT entries.Our experimentsshow that both
policiesshouldbeappliedat thesametime,speciallyin codeswith a largeworkingset
of high order portions and medium-predictable instructions (gcc, go, vortex).

3 Evaluation: 2LAP versus BP

This section compares2LAP versus BP, both using boundedprediction tables.
Working-setsizeof staticloadinstructionsof theprograms[8] justifiesthattheselected
LAT sizes range from 256 to 4.096 entries.

3.1 Area cost of the predictors
We evaluatethe areacostof a predictorastheamountof informationthat it records.
Following formulasshowtheareacostof BPand2LAP using64-bit logicaladdresses,
t-bit tags, 3-bit link counters, andb-bit address chunks.

Taglengthinfluenceson predictoraccuracy.In theanalysedcodes,[8] showsthatBP
accuracysaturateswhenthenumberof indexandtagbits is 17; then,wecomparethese
configurations.Thearea-costreductionfrom aBPto a2LAP with thesamenumberof
AT andLAT entriesrangesfrom 37%(256entries,b=14)to 60%(4.096entries,b=10).

BasePredictor
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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 several 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 a different table-size range). Our results were obtained running
Alpha binaries instrumented with ATOM; programs were run until completion using
reference input sets.

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 2LAP 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 entries=LAT entries=4.096, a continuous oval surrounds
these configurations. When LAT entries=2×AT entries (configurations surrounded by
a dashed oval for LAT entries=2×AT entries=2.048), we obtain configurations with
similar area cost. 2LAP outperform BP because LAT has less capacity misses than 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 penalty of several
processor cycles, the 2LAP should not present a lower accuracy than the BP. Our
evaluations show that for b=10, 2LAP presents a slightly lower accuracy than the BP
(in the worst benchmark -gcc- the difference is limited by 0.7%). For b=14, the
difference is negligible. We present in [9] a detailed accuracy comparison.
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4 Conclusions

We haveshownthat the spatial-localitypropertyof the memoryreferencesproduces
redundancyin thepredictiontables.Wehavetakenadvantageof this fact to reducethe
areacostof the predictiontables.Our proposalsplits the addressescomputedby the
load instructionsin two parts:high-orderand low-orderportion. Addresseswith the
same high-order portion are recorded sharing one copy of the portion. Also,
managementof emptyHAT entries,andfiltering-outallocationsof high-orderportions
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,ourproposalpredictsthesameinstructionsthantheBP,andIPC
speed-up is the one reported in other works [2][4][10].
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