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Two-Level Address Storage and Address Prediction

Enric Morancho, José Maria Llaberia and Ange/®li

Abstract] The amount of information recordedin the
prediction tables of the proposedaddresspredictors turns
out to be comparableto the curr ent on-chip cachesizes;for
instance, a last-addresspredictor that records4.096 64-bit
effective addresses uses a 32 Kbytes storage space.

Area cost of address predictors is proportional to
address width. To reduce their area cost, we will take
advantage of the spatial-locality property of the memory
references,that is, the high-order bits of several effective
addressesecordedin the prediction table are equal. Then,
the effective addressesre split in two parts: the high-order
bits and the low-order bits. The High-Address Table
records the high-order bits and the Low-Address Table
recordsthe low-order bits and a link betweentables. This
organization allows addresseswith the same high-order
bits to share one entry in the High-Address HRble.

We usethis organizationin alast-addresspredictor and
our evaluations show that it producessignificant area-cost
reductions (28%-60%) without perbrmance losses.

Keywordsd address pediction, address locality area cost

|. INTRODUCTION

characteristic of the current tendencies in

processordesignis the replication of resources
(functional units, execution pipelines,...).To take full
adwantageof theseresourcesthe processomustexploit
the instruction-lerel parallelism (ILP) available in the
programs,but the capacity of exploiting the ILP is
limited by the dependencies between operations.

Dependenciesan be classified into three classes:

control, nameand true-datadependencied.ot of work
have beenperformedto reducethe restrictionsimposed
by control [15] and name dependencieq11], but
true-datadependenciesemain as the major bottleneck
for exploiting ILP. Recently someworks [10][13][22]
have proposedthe use of techniquesthat have been
successfully applied to overcoming control
dependencies, to also overcoming true-data
dependencies.These techniques are based in the
prediction and the speculatie execution of the
operationsThey predictthe resultof an operationprior
to execute it, and the prediction is used to issue
speculatiely its dependentoperations. On a right
prediction, the effective lateny of the predicted
operationcanbe reducedn severalprocessocycles;on
a misprediction, the dependentoperations must be
flushedout andreissuedo recover the correctprocessor
state.

Usually, two different instructionsare involved in a
true-data dependenceput there also exist true-data
dependencieketweerthe basicoperationghatcompose
the executionof a singleinstruction.For instancejn the
load instructions, there is a true-data dependence
betweerthe computatiorof the effective addresandthe
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memoryaccessThis dependenceontritutesto thelarge
lateny of the load instructions and can affect the
processor performance. Then, some works have
proposedthe use of prediction methodsto reducethe
negative impact of this true-data dependenceThey
predictthe effective addresshatwill be computedy the
load instructions and tgeaccess memory speculaiy.

Addresspredictorsuse on-chip predictiontablesthat
recordupto 4.09664-bit effective addressefs][19], that
is, 32 Kbhytes for a last-addresspredictor; that is
comparabléo the currenton-chipcachesizes.However,
the previous designsdo not exploit the locality of the
addressedn this paper we will take adwvantageof the
spatial-localityproperty of the addresseso reducethe
areacostof the predictors.Theaddressearesplitin two
parts and they are recordedin two different tables
connectedby a link. The High-AddressTable (HAT)
recordsthe high-orderbits and the Low-AddressTable
(LAT) recordghelow-orderbits andalink betweerboth
tables; we name this organization Two-Level Address
Sorage (TLAS). TLAS allows addressewith the same
high-order bits to share one Hntry

We will use the TLAS organization in a typical
last-addresspredictor and in an enhancedaddress
predictor(the Looking-Backward Predictor [17]) andwe
will show thatthe performanceof both predictorsis not
affectedand,moreover, we obtaina significantarea-cost
reduction.Also, TLAS canbe usedin value prediction
and in more comple« prediction models as stride
based|[2], conta based [22] or ybrid ones [5].

This paperis organizedas follows. Sectionll shavs
the prediction model usedin this work and a typical
addresspredictor proposedin the literature: the Base
Last-Address  Predictor. Sectionlll  presents an
evaluationof the locality of the addressesecordedby
the Base Last-Address Predictor (BP). SectionlV
introducesa BP thatusesthe Two-Level Address-Sorage
(TLAS) organization; moreoser it describes some
implementation issues. SectionV shavs that the
previous predictor reducesthe area-costof the BP
without affecting its performanceSectionVI evaluates
the inclusion of TLAS in an enhancedlast-address
predictor Finally, the conclusionsof this work are
summarized in Sectiovll.

Related works

The spatial-localitypropertyof thememoryreferences
hadbeenusedto reducethe address-bswidth [8]. More
recently it has also beenusedto reducethe enegy
consumed by the addreassi18].

Works closerto the scopeof this paperproposean
organizationthatreduceghe areacostof addresgagsin
caches[23][25]. These organizations are similar to
TLAS but our proposalhasa simpler control logic. It
does not needto maintain the exact correspondence
betweenboth tables becauseit will be appliedto a
predictor thena recorery mechanisnon mispredictions
is yet supplied.
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Rychlick et al. [21] proposethe PopularLast-Value
Predictorthatexploits thetemporallocality in theresults
producedby registerwriting instructions; they report
resultsfor 4.096-entryLAT's. Differencesbetweenour
work and Rychlick's work arisein LAT mappingand
managemenof the HAT entries.We take explicit trace
of unused entries in HAto reduce capacity misses.

Anotherdifferenceis thatwe adda filtering ability to
reducecapacity missesin HAT: we review a filtering
ideapresentedn [16], andextendit to reducepollution
in HAT by filtering out unpredictabldoad instructions.
Also, in this paperwe evaluatethe temporaland the
spatiallocality of theaddressesomputedoy predictable
load instructions for a lge range of high-order bits.

A similar organizationto TLAS is proposedn [24] to
share page-number information between several
processodevices. Then,replacemenin sharedablesis
guided for deices that share it.

Anotherapproachto reduceareacostis presentedy
Bekerman et al. [3]. They have obsered that the
addressescomputed by load instructions related to
Recursve Data Structures(RDS) only differ by some
constants. Then, they introduce the idea of global
correlation and record in the prediction table base
addresses,defined as the real address minus the
immediate offset as specifiedin the load-instruction
operation code. This organization allows all loads
associatedto the same RDS to share the same
prediction-tableentry Furthermorearea-costreduction
can be obtained applying TLAS.

[I. LAST-ADDRESSPREDICTIONMODEL

The last-addresredictor [22] predicts the effective

addressethatwill be computedby theloadinstructions.
It performs a trivial computational operation: the
predicted addressis equal to the previous address
computedby the sameload instruction. Theseprevious
addressesarerecordedn a predictiontablewhereeach
load instruction is related to a prediction-table entry

Mispredictionscouldhave a penaltyof someprocessor

cycles. To reducethe amount of mispredictions,the
addition of a two-bit saturated counter to every
prediction-tableentry has beenproposed[10][13][14];

in this paper thesecounterswill be hamedconfidence
counters.Every time a load instruction computesthe
same addressthan the one computedin its previous
execution, its confidence-countevalue is increasedby

one,otherwiseit is decreasetby one.A loadinstruction

/* Predicts an effective address

index_at

Qut put vari abl es:

tag
| I ]

PC

void Prediction(PC) {
index_at = | NDEX_AT(PC);
tag = TAG(PO);

Address &ble (AT)

confidence
r

tag addres&counte

predicted = TRUE;

}
el se predicted = FALSE;
}

Fig. 1. Base Last-Address Predictor scheme and pseudo-

-predicted: a prediction is suggested
-pred_addr: predicted address
*/

if (AT[index_at].tag == tag) {
if (AT[index_at].conf > 1) {

}
el se predicted = FALSE;

is predictedonly when its confidence-countevalue is
greaterthan one. To surpassthis thresholdvalue, the
load instructionmustshav during someexecutionsthat
it is predictableby the last-addresgprediction model.
Consequentlysomeexecutionsthat would be correctly
predicted are not predicted. This is a conserative
assumptionabout the load-instructionbehaiour. So,
confidencecountersrepresenta trade-of betweenthe
number of right predictions and the amount of
mispredictions performed by the predictor [16].

Proposedmplementation®f addresgpredictorsbased
in the last-addresgredictionmodel [10][13] emply a
direct-mapped table, named Address Table (AT),
indexed with the least-significanbits of the PC. Every
AT entry containsthe last addresscomputedby the
most-recentlyexecutedload instruction mappedto the
entry, a two-bit confidence-counteralue,andatagused
to detect mapping conflicts in the AT entries. Load
instructionsare allocatedin the AT using the always
allocate policy; on a miss, the load instructionis not
predicted, the address field is updated and its
confidence-countewalue is initialized to one. This
initialization represents trade-of betweenthe number
of mispredictionsandthe numberof correctpredictions
performedby the predictor Figurel showvs the scheme
and the pseudo-codef this predictor In this paper it
will be named Base Last-Address Predictor (BP).To
evaluatethe performancef anaddrespredictor we use
two measuresthe addresgredictabilitycapturedoy the
predictorandthe accurag of the predictor The address
predictability is defined as the percent of correct
predictions out of the number of executed load
instructions.The accuray is definedas the percentof
correct predictions out of the number of predictions
performed.Tablel shawvs the addresgredictability and
the accurag obtainedusing an BP with an unbounded
AT in the integer benchmark®f the spec-9%enchmark
suite. In this work we have focusedon integer codes
becausdhey are more sensitve to the effective lateng
of load instructions than floating-point codes [11].

Binaries used in this work have been obtained
compiling with the - O4 switch of the cc natve
compiler of the machine (an Alpha 21164 processqr
with OSF1V3.2). Then, they have beeninstrumented
with ATOM (only userlevel code) to evaluate the
performanceof the predictors.Benchmarkswere run
until completion,andloadsto zeroedregistershave been
ignored.

voi d Update(PC, address) {

index_at = | NDEX_AT(PC);
tag = TAQ PO);
if (AT[index_at].tag == tag) {
if (AT[index_at].address == address)

AT[index_at].conf ++;
el se AT[index_at].conf --;

el se {
AT[index_at].tag = tag;
AT[index_at].conf = 1;

pred_addr = AT[index_at] . address; }

AT[i ndex_at] . address = address;

}

code (++ and -- operators update counters in a satypated w
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Tablel shavs that the BP predicts correctly a
significant percent of addressescomputed by load
instructions: between 19% and 79%. Moreover, the
accurayg of the BP is between 92% and almost 100%.

TABLE | Benchmarldescriptionjnputdataset,numberof staticload
instructions (present in the binary file angeuted at least once),
number of dynamic load instructions, and performance (maximum

address predictability and accuypobtained using thBase

Last-Address Predictor with anunboundedh\T. Measuresakenonan

Alpha processor

StaticLoads| Dyn. || Last
Bench. Description Input | present/Rec.| loads||addr | Accur.
(x10%) | (x10%)||pred.,
go GO came player Ref. 21716.3 8.5[47.81 92.40
mksim | Processor simulatgr Ref. 13/3.7 19.3|69.53 96.89
gce C compiler cp-decl.if 97/21.3 0.14{60.11| 95.03]
compress | Data compressor| Ref/ 4/0.7 12.5|57.27| 99.72
perl Perl interpreter |primes.pl| 43/5.1 3.0(79.19 97.61
vortex | Database program Ref. 43/19.5| 22.4|56.28 93.90
li Lisp interpreter Ref. 77124 18.4(30.20] 94.11
ijpeg JPEG encoder Ref. 15/3.9 7.1119.11] 93.14

I1l. EFFECTIVEEADDRESSLOCALITY ANALYSIS

Many works have analyseda property of memory
references:the locality. It has been defined as the
program$ tendeng to reference memory in
non-uniform, highly localized patterns[4]. Temporal
locality and spatial locality are the main classesof
locality presenin memoryreferencesTemporallocality
is thetendeng to referencea memorylocationthat had
been referencedin the past; spatial locality is the
tendeny to referencea memorylocationthatis closeto
another memory location referenced in past.

The addressescomputed by the load instructions
exhibit both kinds of locality. This fact can producea
certain dgree of redundaryan the contains of theT

a) Temporalredundang: As the BP assignsan AT
entry to every static load instruction, load instructions
that computethe sameaddressecordit redundantlyat
several AT entries.For instancetheaccesse® thesame
global variable from different routines, and the stack
accessegerformedby routines called from the same
stack height produce thisfett.

b) Spatialredundang: Someaddressesecordedn AT
will beclosethen,in mostcasespnly will differ in their
low-orderbits. That producesedundang becausesome
addressesecordedin the AT have the samevalue in
their high-order bits. For instance, global variables
stored in consecutie addressesand stack accesses
produce this déct.

Locality analysis

We will presentan analysisof the locality of the
addressesgecordedin AT. To performthis analysis,the
lastreferencdime of every addresss usedto maintaina
temporalorderingon a stackof slots;every slot records
an addressand an addressds recordedin only one slot.
When an addressrecordedin the stackis not the last
addresscomputed by ary load instruction, its slot
becomesan emptyslot. Then,if anaddresss notfound
in the stack,the addresss recordedn the mostrecently
empty slot and it is mad to the top of the stack.

We definethe matchdepthof the Most RecentlyUsed

(MRU) addressas one, the matchdepth of the second
MRU addressas two, and so on. Then, for every
dynamicloadinstruction,we evaluatethe matchdepthof
its computedaddressijf it is not found in the stack,its
match depth is infinite.

Many works [9][16][22] have obsered that some
static load instructionsare highly unpredictableThen,
unpredictabldoad instructionsarefiltered to not update
thestackof slots.To decideif adynamicloadinstruction
is unpredictable,we will use the confidence-counter
value of an unboundedBP: the execution of a load
instruction will be classified as predictable if its
confidence-countervalue is greater than one. We
considerthatthe matchdepthof the addressesomputed
by unpredictable load instructions is zero.
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2. Dynamic-load-instructiordistributions accordingto their match
depth; dynamicload instructionshave beenfiltering out considering
their confidenceinformation. Vertical axis standsfor the base-10
logarithm of the matchdepth,horizontalaxis standfor the numberof
low-order bits discarded,and every graphis related with a % of
dynamic load instructions.

To analyse the temporal locality of the effective
addresseswe must discardzero low-order bits of the
addressesandto evaluatethe spatiallocality in AT we
must discard somelow-order bits of them. In Figure,
vertical axes standfor the matchdepth,horizontalaxes
standfor the numberof low-order bits discarded,and
every graphis relatedwith a percentof dynamicload
instructions. The meaningof every graphis that the
addresseseferencedy this percentagef dynamicload
instructionshave a matchdepthsmalleror equalthanthe
vertical height. For instance,in benchmarkcompress,
discarding 6 low-order bits of the addresses,the
addressegeferencedby the 99% of dynamic load
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instructionshave a matchdepth<13. This valuereflects
the numberof different high-order portions that have
been referenced recently by the predictable load
instructions.

The low-order bits of the addressescomputed by
predictableload instructionsuse to be not significant
(Figure) in consequenceof the Alpha architecture,
becausemost load-instructionoperationcodesproduce
eight-bytealigned addressesind load instructionsthat
arenotaligneduseto beunpredictableAs thenumberof
low-orderbits discardedyrows, the matchdepthrelated
to the percentage of load instructions decreases.

The working-set size of static load instructions is
muchbiggerthanthe maximummatchdepthof the 99%
of dynamicloadinstructionsFor instancejn benchmark
go, the working-setsize of static load instructionsis
larger than 2.048 load instructions,but discarding12
low-order bits of the addresses99% of dynamicload
instructions hae a match depthl6.

Resultssuggesanorganizationof the predictorwhere

the concatenationof the low-order bits and the
high-order bits obtained from both tables.

The 2LAP must accessboth tables sequentiallyto
predict a load instruction. This does not imply an
implementationrestriction becausethe LAT can be
accessedvery early in the pipeline and, in current
processorsthe numberof pipelinestagedeforeissuing
ainstructionis solargethatboth predictiontablescanbe
accessedefore issuing the dependentperations;for
instance the Alpha 21264 processorspendss pipeline
stagesbefore issuing an instruction[1]. Moreover, we
could reduce the critical path of the predictor by
recordingin the LAT enoughlow-orderbits for indexing
the cache.

A.1 LAT and HAT management
The 2LAP updatesthe LAT like the BP updatesthe
AT, that is, using thaelways-allocate policy.

To link an LAT to an HAT entry, the 2LAP appliesa
hash function to the high-order bits of the computed
addressand searchesthem in the HAT. The hash

high-orderbit portionsof addresseare sharedbetween function useddependson the numberof HAT entries.
several low-order bits portions in a mary-to-one Fully associatie lookupsarepossibleusinga HAT with
mapping.Then,exploiting the spatiallocality in address a small number of entries; as a reference, current

portions can be valuable to reducethe area cost of
predictor

IV. INCLUSION OF TWO-LEVEL ADDRESS
STORAGE IN THE BASE PREDICTOR

In this section we replacethe addresdield of the BP by
the suggested Two-Level Address Sorage (TLAS)
organizationthe new predictorwill be namedTwo-Level
Address Predictor (2LAP). We describethe 2LAP, and
perform evaluations of the management of
High-Address-ableentriesandthefiltering-outof some
allocations. Also, we evaluate two
algorithms.

A. 2LAP design

We have showvn that there is a certain degree of
redundanyg in theinformationrecordedn the AT of the
BP. To reducethe redundang in the predictiontable of
anaddresgredictor we usethe TLAS organization.The
AT is split in two parts(FigureFig.): the Low-Address
Table (LAT) and the High-AddressTable (HAT). The
low-orderbits of the effective addressewill berecorded
in theLAT andthehigh-orderitsin the HAT; moreover,
eachLAT entry hasa link to referenceone HAT entry,
Then,aHAT entrycanbesharedy several LAT entries:
a one-to-mayrelationship.

To predicta load instruction,the 2LAP indexes LAT
usingthe PC of theloadinstruction;this accessetrieves
the low-orderbits of the predictedaddressaanda link to
HAT. After that, the predictoraccesse$iAT usingthe
link; this accessobtains the high-order bits of the
predictedaddressThe predictedaddresss formed by

1. We define the working-set size of static load instructionsof a
benchmarlastheminimumtwo-paver numberof AT entriesneededo
achieve, at most,a 1% missratein a fully associatie AT with LRU
(LeastRecentlyUsed)replacemenpolicy. Theworking-setsizeof the
analysedbenchmarkds < 128 (compress), 256-512(li, ijpeg, perl),
1.024 (mksim) and= 2.048 o, gcc, vortex).

replacement

microprocessorperformfully associatie lookupsin up
to 96-entry TLBS [12].

To reducetheeviction from HAT of usefulinformation
on a HAT miss,the 2LAP searche$AT entriesthatare
relatedto zero LAT entries (empty HAT entries). To
detectthem,we will associatéo every HAT entrya link
counterthatreflectsthe numberof LAT entrieslinkedto
it. If noneempty HAT entry is found, the 2LAP picks
randomlya HAT entry but the MRU oneandreplacest
(no-MRU algorithm).Theseactionscanbe performedn
parallel before selecting the replaced entry

OnalLAT replacementor a updatedueto a changen
the high-orderportion,thelink counterof the previously
relatedHAT entryis decreasedy one(could emptythe
HAT entry). Whenthe LAT entry is linked to a HAT
entry its link counteris updated:it is increasedf the
high-orderportion was yet allocated(HAT hit), and set
to one otherwise.

On areplacementn HAT, the LAT entriesthat were
related to the evicted HAT entry are not invalidated
becausethe cost is considerableand require more
comple logic. Notice that theseincoherenciesio not
break the program correctnessbecausethe predictor
belongsto anspeculatie mechanismpn the otherhand,
theseincoherenciexould decreasehe performanceof
the predictar

In a later section we will shawv the performance
decreasaf the detectionof empty HAT entriesis not
consideredbn HAT replacementsAlso we will present
the differencesbetweenthe no-MRU and the LRU
policies. Moreover, we will discussthe link-counter
width.

A.2 Filtering out HAT allocations

It is not useful to record high-order bits relatedto
unpredictable load instructions because these load
instructions will not be predicted. The 2LAP will
allocatein LAT theseloadsbut will avoid the allocation
in HAT of high-orderbits computedby them, that is,
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their LAT entries will not be linkd to ag HAT entry

To classifythe load instructions,the 2LAP will usea
small chunk of the effective addresses(it will be
recordedin LAT). This ideahasbeenproposedn [16]
usingthelow-orderbits of theaddresseandalsoapplied
in [3] in the contet of correlated predictors.

Most load instructionscan be classifiedproperly by
checkingthe low-order bits of their effective addresses,
but for someload instructionsit is not sufiicient. For

instancefor loadswith a stridemultiple of 2° wherebiis

the numberof low-orderbits analysedthe classification
will bewrongandcanproducemispredictionsHowever,

a proper classificationcan be performedby analysing
other bits of the addresses.

Then,in this paperwe proposeto selectdynamically
the effective-addresshunkthat mustbe recordedn the
LAT entry to classify eachload instruction. As LAT
entriesrecord b bits of the addressesye divide the
addresseén several non-overlappedb-bit chunks.The
2LAP will assumehattwo addressearethe sameif the
address-chunkontentsare equal,andit will updatethe
confidence counter consequently

When a load instruction is allocated in LAT, its
classificationis initialized as unpredictableand the
2LAP usesthe low-orderbits of its addresseto classify
it.

For load instructionsclassifiedas predictable all bits
of the addressare used to update their confidence
counter However, when the classificationof a load
instruction changesfrom predictableto unpredictable,
the predictor breaks the link with the HAT entry,
decreasess link counter selectghe lower chunkof the
computedaddressthat is not equalto the one of the
predictedaddressand recordsit in the LAT entry In
next executionsclassifications performedby checking
the selectedaddresschunk; for this, every LAT entry
contains a field that identifies the address chunk
recorded in it. When the classification changesto

voi d Update(PC, address,
if (LAT[index_|lat].tag == tag) {
if (LAT[index_lat].conf > 1) {
if (address == pred_addr)
LAT[ i ndex_| at].conf ++;

index_lat

lag
PC

High-Address
Table (HAT) Q>

el se {

predictable (the confidence-countewalue of the load
instruction goes from 1 to 2) the link is established.

In a later section we will shav the performance
decreasavhenfiltering is not usedandwe will present
the effect of the chunk selectionon the accurayg of the
2LAP.

FigureFig. shawvs the schemeand pseudo-codef the
2LAP.

B. HAT implementation issues

In this subsectiorwe evaluatedifferentpoliciesin HAT
replacemenalgorithm.For this, unbounded_AT’s have
been used.

To performa prediction,HAT is accessedfter LAT,
close to the fetch stage,and in a later stageit is
looked-up and updated.In this paperwe considerthat
accesgime of large HAT's canbearestriction.Then,we
evaluateHAT sizeswith anaccesgime closeto the one
of the registerfile; we use 16, 32 and 64-entry HAT's.
Also, for these sizes, associatie lookups can be
performed.For thesetable sizes, Figure suggestshe
numberof low-orderbits that shouldbe recordedn the
LAT entries (b): 10, 12 and 14. Without HAT
access-timeestriction,otherdesignscanbe considered
for bigger HAT's as n-way associatie mapping and
sequential lookups [26].

First we perform evaluations using the LRU
replacementalgorithm in HAT. Later, we present
performancalifferenceof the LRU versusthe no-MRU
algorithm.

Also, we shov accurag differences between
classifyingload instructionscheckingthe low-orderbits
versusallowing a dynamicchunkselection Onthe other
hand,differencesn capturedredictabilitybetweerboth
classifiers are mgigible.

B.1 Filtering HAT allocations and managing empty HAT

entries
To evaluatethe effect of managingemptyHAT entries

pred_addr, index_lat, index_hat, tag) {

LAT[i ndex_| at].conf --;

& ;
N o &/&%@e« it (LAT[index_lat].conf == 1) {/* Transition 2 -> 1 */
& 5\‘2’ NP LAT[i ndex_l at].chunk_id = | NDEX_DI F_CHUNK( addr ess, pred_addr);
N & FEFEEEL @ . !
o ¥ A) HAT[ i ndex_hat].li nks--;
& S
§ & }
— | < }
- ] }
el se {
/{b' chunk = CHUNK(address, LAT[index_lat].chunk_id);
" its if (chunk == LAT[index_| at].| ow address)
<> = ~
Predicted —— LAT[i ndex_| at].conf ++;
Address .
el se LAT[index_lat].conf --;
i o if (LAT[index_lat].conf == 2) /* Transition 1 -> 2 */
voi d Prediction(PC) { LAT[ i ndex_| at].chunk_id = 0;
index_|l at = | NDEX_LAT(PC); }
tag = TAQ PO); }
if (LAT[index_lat].tag == tag) { el se {
if (LAT[index_l|at].conf > 1) { if (LAT[index_|at].conf > 1) HAT[index_hat].links--;
predicted = TRUE; LAT[i ndex_l at].tag = tag;
index_hat = LAT[index_|lat].link; LAT[i ndex_l at].conf = 1;
pred_addr = CONCATENATE( LAT[i ndex_| at].chunk_id = 0; /* stands for the [0, b-1] bit-range chunk */
HAT[ i ndex_hat] . hi gh_address, }

LAT[i ndex_l at] .| ow_address);
}
el se predicted = FALSE;

}
el se predicted = FALSE; }
} }

LAT[ i ndex_| at] .| ow_address = CHUNK(address,
if (LAT[index_lat].conf > 1) {

i ndex_hat = | NSERT( HAT, HI GH_ADDRESS(address));
LAT[i ndex_l at].link = index_hat;

LAT[ i ndex_| at] . chunk_i d);

Fig. 3. 2LAP scheme and pseudo-code (++ and -- operators update the counter in a sayjated w
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and the effect of filtering out the allocationin HAT of
address portions computed by unpredictable load
instructions we have comparedour 2LAP designsWe
have evaluatedthe influenceof managingempty HAT
entrieswhenHAT allocationsare not filtered out. Also,
we have evaluatedthe influence of managingempty
HAT entries when HA allocations are filtered out.

Our resultsshav thatthe managemenof empty HAT
entriesincreaseghe predictability capturedoy a 2LAP.

increasesthe predictability captured by the 2LAP

independentlypf themanagementf emptyHAT entries;
but combining both characteristicsthe 2LAP captures
more predictability

Frompreviousobsenations thepredictabilityincrease
is obtainedby managingempty HAT entries and by
filtering-out HAT allocations; each characteristicis
usefulfor somebenchmarksUsing 2LAP configurations
that manageempty HAT entries,FigureFig. shavs the

Moreover, without the useof filtering, the performance capturedoredictabilitywithout filtering andfiltering-out

increaseis bigger; that is, HAT allocationsare more
sensitve to the managemensf emptyHAT entries.This

HAT allocations for all thewaluated benchmarks.
Configurationswith b=14 and 32 HAT entriesor 64

effectis speciallynoticeablen benchmarkcompess In AT entries,and b=12 and 64 HAT entriescaptureas
compess a load instructionaccessea large hashtable yych predictability as the BP with an unboundedAT
(up to 2%° bytes); this load instructionis unpredictable (exceptin gcg). In the remainingconfigurationswe can
andpollutesthe HAT with differentvalues By managing appreciatea captured-predictabilitydecreaseof the
empty HAT entries,the HAT entry relatedto this load 2LAP respectthe BP. The decreaseis significant in
instructionbecomesan empty entry, andit is reusedto benchmarksgo, gcc and vortex; these results are

record the ne address portion.
FigureFig. shavs theinfluenceof both policiesonthe

coherentwith the match-depthevaluations (Figure)
becausethese benchmarkspresentthe largest match

predictability captured by the 2LAP in benchmark depths.

compess The vertical axis standsfor the predictability
capturedoy the predictors andthe horizontalaxis shavs

different predictor configurations and benchmarks.

Results for configurationswith the same number of
low-orderbitsin LAT entriesaregroupedthedifference
betweerthemis the numberof HAT entries.The bottom
sideof eachbar standdor the predictabilitycapturedby
the 2LAP configurationthat doesnot filter, andthe top
side stands for the predictability increment due to
filtering. We canobsenre that, without managingempty
HAT entries, the influence of filtering for b=10 and
16-entryHAT is significant;ontheotherhand,managing

empty HAT entries, its influence is almost insignificant.

Increment o0 AT @32 HAT O 16 HAT

m produced h h h
809 by filtering entries entries entries
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Fig. 4. Effect on the captured predictability of filtering-out HA
allocations without managing empty RA&ntries (without) and
managing empty HRentries (with). Results presented for
benchmarkgccandcompess
Filtering is valuable to reducethe working set of
different high-order address bits; predictable load
instructionscan use HAT entriesthat could have been
related to unpredictable load instructions. Also,
medium-predictabléoad instructionscanunlink a HAT
entry in an unpredictable burst. The increase in
performanceis noticeablein benchmarkswith large
number of unpredictablestatic load instructions; for
instance gcc (FigureFig.). Obsere that filtering
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Fig. 5. Effectonthecapturedpredicatabilityof filtering-outHAT
allocations managing empty HAentries.

B.2 Influence offtunk selection on the acaay

Increment
B produced by
Chunk selection

[ 64 HAT entries
@ 32 HAT entries
O 16 HAT entries

Accuracy

90%;

b=14

80%r— - -
b=10  b=12  b=14

turb3d

7b212
iipeg

b=10

Fig. 6. Influence of dynamic chunk selection on the acquoac
the 2LAP using unbounded 5.

Chunk selection almost does not influence on the
predictability capturedby the 2LAP but the accurag is
sensitve to it. FigureFig. presentsan evaluationof the
accurag of the 2LAP in two benchmarkghat compute

addresseswiith large strides:ijpeg (up to 21! bytes)and

turb3d (up to 218 bytes). The bottom side of eachbar
shaws the accurag of a 2LAP that always selectsthe
low-orderbits of the addresseghe top sideof eachbar,
reflectsthe incrementon the accuray when dynamic
selectionof the properchunkis performed.With chunk
selection,the accurag of the predictorsaturatedor all
the analysed configurations.

In the remaining SPECTINT benchmarks,chunk
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selectionalmostdoesnot influenceon the accurag of
the 2LAP becausethese benchmarkspresentstrided
addresses with a short stride.

B.3 No-MRU versus LRU algorithm

When no empty HAT entry is found, we have
proposeda replacemenpolicy that selectsrandomlya
HAT entry but the MRU one (no-MRU algorithm)
becausethe implementationof the LRU algorithm is
complex and expensve for large tables. FigureFig.
shavs the performance difference between both
replacemenpolicies. The bottomsideof eachbarstands
for the predictability captured using the no-MRU
algorithm, and the top side of eachbar standsfor the
increment due to the LWRalgorithm.

809

| Increment produced by filtering
il T [l 64 HAT entries
N [ 32 HAT entries
0 16 HAT entires
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a l TR TT 1T o l= =
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0

Fig. 7. Influence of the algorithm used by the replacementypolic
of HAT on the predictability captured by the 2LAP

The performanceof the 2LAP is not saturatedn some
configurationswith the no-MRU replacemenalgorithm
becaus¢herearea significantamountof capacitymisses
in HAT. In thesecasesthe LRU algorithmis betterthan
no-MRU algorithm and the predictability decreaseis
limited by a 2.4%. For configurationswith b=12 and64
HAT entries,andwith b=14 and 32 or 64 HAT entries,
both the LRU and the no-MRU algorithmsexhibit the
same performance.

B.4 Link-counter width

Our experiments shav that using three-bit link
counters the performance of the 2LAP is almost
saturatedNotethatthegoalof thesecounterds to detect
empty HAT entries,and three-bitcountersestimatethe
empty HAT entries with a high correctness.

V. TwO-LEVEL ADDRESSPREDICTOR VERSUS
BASE LAST-ADDRESSPREDICTOR

This section presents an evaluation of three
characteristicof the 2LAP using boundedprediction
tables:areacost, capturedpredictability and accurag,
and compares them with the ones of the BP
BoundedLAT's can reducethe pressureover HAT,
decreasingthe amount of capacity misses. However,
evenusing64 HAT entries,the accurag of some2LAP
configurationsdecreasegespectthe one of the BP.
Consequentlyresultsshavedin this paperwill focuson
64-entry HAT's. Moreover, we will use 2LAP
configurationsthat manageempty HAT entries, 3-bit
link counters,no-MRU replacemenglgorithmin HAT
and b=10, 12 or 14. Working-set size of static load
instructionsof the benchmarks[17] justifies that the
selected LA-size range is from 256 to 4.096 entries.

A. Area cost of the predictors

We evaluatetheareacostof anaddresgredictorasthe
numberof bits of informationthatit records.Following
expressionshawv the areacostof the BP andthe 2LAP
with theno-MRU replacemenpolicy asafunctionof the
numberof prediction-tableentries We have assumedhe
use of 64-bit logical addressest-bit tags, 3-bit link
countersn the HAT entries,andb-bit addresshunksin
eachLAT entry The last componenbf the 2LAP area
costis neededto recordthe index of the MRU HAT
entry,

Baserredaictor

= (t+64+2)xATentries
AreaCost

2LAP (3+(64-Db)) x HATentries+
AreaCost

+ aongATemries+ (Ing%ﬂ +h+2+ t%x LATentries+log,HATentries

The numberof tag bits influenceson the accurag of
the predictor In the analysedoenchmarksMoranchoet
al. shaw in [17] that the accurag of the BP saturates
when the numberof index bits plus tag bits is 17. We
will use 2LAP configurationswith this numberof tag
bits. A similar behaiour is obsered in the context of
branch-instruction identification [7].

The area-costeductionfrom an BP configurationto a
2LAP configurationwith the samenumberof AT and
LAT entriesdependsn the numberof LAT entries,the
number of HAT entries and b. In the evaluated
configurationghe reductionrangesrom 37% (256 LAT
entries,b=14) up to 60% (4.096 LRentriesb=10).

B. Captured address predictability

FigureFig. shavs the predictability capturedby the
2LAP and the BP in the benchmarkswith the largest
working-setsize of static load instructionsand match
depths.Thehorizontalaxesstandfor the area-cosbof the
predictorandtheverticalaxesstandfor the predictability
capturedby the predictor The leftmost-top graph is
labelledwith the numberof AT andLAT entriesof the
predictor configurations.

The area-costreduction from a 2LAP to a BP
configurationwith the samenumberof LAT and AT
entriesdo not represent performancdoss. Continuous
oval surrounds,in benchmarkgo, configurationswith
AT entries=LA entries=4.096In thesecasesthe load
instructions allocated in LRare also allocated inTA

Similar area-cosfor BP and2LAP configurationsare
obtainedwhen the numberof LAT entriesdoublesthe
number of AT entries. These configurations are
surroundedby a dashedoval, in benchmarkgo, for
LAT entries=XAT entries=2.048In this casethe 2LAP
configurationoutperformthe BP configurationbecause
LAT has less capacity misses than A

The remaining benchmarks present a similar
behaiour but in a diferent A/LAT-size range.

C. Accuracy

Theaccuray is notagrowing functiononthe numberof
AT entriesasthepredictability:its behaiour is irregular.
Conflictsin AT canincreasethe accurag becausdess
predictionsare performed Whentherearefew conflicts
in AT, accurag dependson the ability of confidence
counterto characterizeéheloadbehaiour andto prevent
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Fig. 9. Accuray of the BPand the 2LAPHorizontal ars present predictor configurationertical axes stand for the accusac

somepredictions.In this work we usetwo-bit saturating for the high-ordemits of theaddressesanbelargerthan
countersasa confidencemechanismMore conserative the numberof HAT entries;in this case,an accurayg

confidencemechanismsan increasethe accurag but decrease is obsered. For instance, for 2LAP

also reducethe capturedpredictability; moreower, they configurationswith b=10 the differenceis limited by a

can decreasehe pressureover the HAT. That is, our 0.7% @cc).

resultsfor HAT-entry requirementreanupperlimit for - accuray increasesas b grows becausehe pressure
the HAT-entry requirement of these confidence gyer HAT decreasesthen, more replacementsare

confidence estimators is out of the scope of this papegonfigurationswith b=14, 2LAP configurationsare as
FigureFig. compareshe accurag of boththe BP and gccyrate as the BP

the2LAP in severalbenchmarksTheverticalaxesstand
for theaccuray of the predictorsandthe horizontalaxes
present the same predictor configurations that in

FigureFig. (without shaving areacost); configurations

with the same number of AT and LAT entries are beforeclassifyingit asunpredictablelts eviction from

grouped. ) o ) LAT by conflictsandsubsequenteallocationreproduces
In 2LAP, thereis anothercharacteristithatintroduces the preious behaiour.

mispredictions.When an HAT entry is replaced,the
2LAP does not invalidate the LAT entries linked
previously to thisHAT entry Then,thenext executionof
a load instructionallocatedat theseLAT entriescanbe ,

usually is lower, becausethe accuray of the 2LAP

mispredicted. . o (b=14)is similarto theoneof the BP with sameAT size,
For small LAT's, some of thesemispredictionsare anq the irrgular behsiour of the accuracof BP

removed becausea LAT replacementinvalidates the
link; in this case, a slightly accurag decreaseis VI. TWO-LEVEL ADDRESSSTORAGE APPLIED
obsened.For large LAT's, theworking-setsizeof values

Benchmarkijpeg presentsa sharpdecreasefor 256
LAT entriesand b=10. This behaiour is due to load
instructionswith large stride. The allocation of one of
theseloadinstructionsin HAT producesa misprediction

When LAT size doublesthe AT size, configurations
with a similar areacostare obtained.In thesecasesthe
capturedpredictability is biggerin 2LAP but accurag
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TO THE LOOKING-BACKWARD PREDICTOR

Some works have proposedpredictors with filtering
capacity The idea of thesepredictorsis to avoid the
allocationof unpredictablénstructionsin the prediction
table.For this, they delaytheallocationof aninstruction
whenit collidesfew timeswith anallocatedpredictable
instructionthatis beingexecuted.Someproposalgelay
the allocationof ary instruction[6][20], otherdelaythe
allocationonly of the unpredictableones[17]. In later
case, instructions are classified dynamically

We will evaluatethe influenceof TLAS organization
on the performanceof an last-addresgpredictor with
filtering capacity The evaluationis performedon the
Looking-Bakward Predictor [17]; this predictor
improves the performanceof the BP with twice AT
entries, and reduces its area cost around a 40%.

Resultsshav that, the Looking-Bakward Predictor
thatusesTLAS needsasmary HAT entriesasthe 2LAP
to achive the performance of the original
Looking-Ba&ward Predictor. Although the
Looking-Ba&ward Predictoris filtering the allocationof
unpredictabldoad instructionin LAT, the 2LAP is also
filtering the allocation in HAT of high-order bits
computedby unpredictabldoad instructions.Moreover,
the chainedfiltering of the Looking-Ba&ward Predictor
that uses TLAS does not increase sufiiciently the
performanceof the predictorwith fewer HAT entriesto
equalize the performance using 64 Héntries.

Also, filtering HAT allocationsusingLAT information
can not be suppressedbecausethe predictors with
filtering capacity do not guaranteethe exclusion of
unpredictabldoadinstructionsfrom LAT. Moreover, the
information used to filter HAT allocationsis more
accurate than the one used to filtefTL#llocations.

The area cost reduction for a Looking-Ba&ward
PredictorwhenTLAS organizationis usedrangesfrom
29% (256 A/LAT entries) to 40% (4.096 entries).

VII. CONCLUSIONS

We have showvn that the spatial-localitypropertyof the
memoryreferenceproducesedundang in the address
field of the predictiontablesof the addresgpredictors,
becaus¢henumberof differentvaluesfor the high-order
bits of the addresses recorded in the tables is small.
We have taken advantageof this fact to reducethe
amountof informationrecordedn the predictiontables.
Our proposedrganizationsplitstheaddressesomputed
by the load instructionsin two parts:the high-orderbits
and the low-order bits. Addresseswith the same
high-order bits share the only gopf these bits.

Also, we shav that: a) managementf empty entries
in thetablethatrecordghehigh-ordeits (HAT), andb)
filtering-out the allocationsof high-orderbits relatedto
unpredictabldoad instructionreducecapacitymissesn
HAT and imprees the performance of theganization.

The inclusion of this organizationand control in a
typical last-addresgredictoror in an enhancedddress
predictorwith filtering capacityreduceghe area-cosbf
the predictor without performance loss.

For b=14 and 64 HAT entries,both the BP and the
2LAP are predicting correctly and mispredicting the

samedynamicload instructions.Then, a processothat
implements the 2LAP will obtain the same IPC
improvementthanthe oneobtainedoy implementingthe
BP with a significant area-costreduction. The IPC
improvementobtainedby addresgredictionhave been
reported in [3][5][10][19].

Other prediction models(stride-basedcontet-based
and hybrid) can also take adwantage of the

spatial-locality of the addresses to reduce their area cost.
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