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Two-Level Address Storage and Address Prediction
Enric Morancho, José María Llabería and Àngel Olivé

AbstractThe amount of information recorded in the
prediction tables of the proposedaddresspredictors tur ns
out to becomparableto the curr ent on-chip cachesizes;for
instance,a last-addresspredictor that records4.09664-bit
effective addresses uses a 32 Kbytes storage space.

Ar ea 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
addressesrecordedin the prediction table are equal.Then,
the effectiveaddressesaresplit in two parts: the high-order
bits and the low-order bits. The High-Addr ess Table
records the high-order bits and the Low-Addr ess 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 Table.

Weusethis organization in a last-addresspredictor and
our evaluations show that it producessignificant area-cost
reductions (28%-60%) without performance losses.

Keywordsaddress prediction, address locality, area cost

I. INTRODUCTION

characteristic of the current tendencies in
processordesign is the replication of resources

(functional units, execution pipelines,...).To take full
advantageof theseresources,theprocessormustexploit
the instruction-level parallelism(ILP) available in the
programs,but the capacity of exploiting the ILP is
limited by the dependencies between operations.

Dependenciescan be classified into three classes:
control, nameand true-datadependencies.Lot of work
have beenperformedto reducethe restrictionsimposed
by control [15] and name dependencies[11], but
true-datadependenciesremainas 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 speculative execution of the
operations.They predictthe resultof an operationprior
to execute it, and the prediction is used to issue
speculatively its dependentoperations. On a right
prediction, the effective latency of the predicted
operationcanbereducedin severalprocessorcycles;on
a misprediction, the dependentoperations must be
flushedout andreissuedto recover thecorrectprocessor
state.

Usually, two different instructionsare involved in a
true-data dependence,but there also exist true-data
dependenciesbetweenthebasicoperationsthatcompose
theexecutionof a singleinstruction.For instance,in the
load instructions, there is a true-data dependence
betweenthecomputationof theeffectiveaddressandthe

memoryaccess.Thisdependencecontributesto thelarge
latency 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 dependence.They
predicttheeffectiveaddressthatwill becomputedby the
load instructions and they access memory speculatively.

Addresspredictorsuseon-chip predictiontablesthat
recordupto 4.09664-biteffectiveaddresses[5][19], that
is, 32 Kbytes for a last-addresspredictor; that is
comparableto thecurrenton-chipcachesizes.However,
the previous designsdo not exploit the locality of the
addresses.In this paper, we will take advantageof the
spatial-localitypropertyof the addressesto reducethe
areacostof thepredictors.Theaddressesaresplit in two
parts and they are recorded in two different tables
connectedby a link. The High-AddressTable (HAT)
recordsthe high-orderbits and the Low-AddressTable
(LAT) recordsthelow-orderbitsanda link betweenboth
tables; we name this organization Two-Level Address
Storage (TLAS). TLAS allows addresseswith the same
high-order bits to share one HAT entry.

We will use the TLAS organization in a typical
last-addresspredictor and in an enhancedaddress
predictor(theLooking-Backward Predictor [17]) andwe
will show that theperformanceof bothpredictorsis not
affectedand,moreover, we obtaina significantarea-cost
reduction.Also, TLAS canbe usedin valueprediction
and in more complex prediction models as stride
based[2], context based [22] or hybrid ones [5].

This paperis organizedas follows. SectionII shows
the prediction model used in this work and a typical
addresspredictor proposedin the literature: the Base
Last-Address Predictor. SectionIII presents an
evaluationof the locality of the addressesrecordedby
the Base Last-Address Predictor (BP). SectionIV
introducesaBPthatusestheTwo-Level Address-Storage
(TLAS) organization; moreover it describes some
implementation issues. SectionV shows that the
previous predictor reduces the area-costof the BP
without affecting its performance.SectionVI evaluates
the inclusion of TLAS in an enhancedlast-address
predictor. Finally, the conclusionsof this work are
summarized in SectionVII.

Related works
Thespatial-localitypropertyof thememoryreferences

hadbeenusedto reducetheaddress-buswidth [8]. More
recently, it has also been used to reduce the energy
consumed by the address bus [18].

Works closer to the scopeof this paperproposean
organizationthatreducestheareacostof addresstagsin
caches [23][25]. These organizations are similar to
TLAS but our proposalhasa simpler control logic. It
does not need to maintain the exact correspondence
betweenboth tables becauseit will be applied to a
predictor, thena recovery mechanismon mispredictions
is yet supplied.
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Rychlick et al. [21] proposethe PopularLast-Value
Predictorthatexploits thetemporallocality in theresults
producedby register-writing instructions; they report
resultsfor 4.096-entryLAT's. Differencesbetweenour
work and Rychlick's work arise in LAT mappingand
managementof the HAT entries.We take explicit trace
of unused entries in HAT to reduce capacity misses.

Anotherdifferenceis that we adda filtering ability to
reducecapacitymissesin HAT: we review a filtering
ideapresentedin [16], andextendit to reducepollution
in HAT by filtering out unpredictableload instructions.
Also, in this paperwe evaluate the temporaland the
spatiallocality of theaddressescomputedby predictable
load instructions for a large range of high-order bits.

A similar organizationto TLAS is proposedin [24] to
share page-number information between several
processordevices.Then,replacementin sharedtablesis
guided for devices that share it.

Anotherapproachto reduceareacost is presentedby
Bekerman et al. [3]. They have observed that the
addressescomputed by load instructions related to
Recursive 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 specified in the load-instruction
operation code. This organization allows all loads
associated to the same RDS to share the same
prediction-tableentry. Furthermorearea-costreduction
can be obtained applying TLAS.

II. LAST-ADDRESSPREDICTIONMODEL

The last-addresspredictor [22] predicts the effective
addressesthatwill becomputedby theloadinstructions.
It performs a trivial computational operation: the
predicted address is equal to the previous address
computedby the sameload instruction.Theseprevious
addressesarerecordedin a predictiontablewhereeach
load instruction is related to a prediction-table entry.

Mispredictionscouldhaveapenaltyof someprocessor
cycles. To reduce the 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 namedconfidence
counters.Every time a load instruction computesthe
sameaddressthan the one computedin its previous
execution,its confidence-countervalue is increasedby
one,otherwiseit is decreasedby one.A loadinstruction

is predictedonly when its confidence-countervalue is
greaterthan one. To surpassthis thresholdvalue, the
load instructionmustshow during someexecutionsthat
it is predictableby the last-addressprediction model.
Consequently, someexecutionsthat would be correctly
predicted are not predicted. This is a conservative
assumptionabout the load-instructionbehaviour. So,
confidencecountersrepresenta trade-off betweenthe
number of right predictions and the amount of
mispredictions performed by the predictor [16].

Proposedimplementationsof addresspredictorsbased
in the last-addresspredictionmodel [10][13] employ a
direct-mapped table, named Address Table (AT),
indexed with the least-significantbits of the PC. Every
AT entry contains the last addresscomputedby the
most-recentlyexecutedload instructionmappedto the
entry, a two-bit confidence-countervalue,anda tagused
to detect mapping conflicts in the AT entries. Load
instructionsare allocatedin the AT using the always
allocate policy; on a miss, the load instruction is not
predicted, the address field is updated and its
confidence-countervalue is initialized to one. This
initialization representsa trade-off betweenthe number
of mispredictionsandthe numberof correctpredictions
performedby the predictor. Figure1 shows the scheme
and the pseudo-codeof this predictor. In this paper, it
will be named Base Last-Address Predictor (BP).To
evaluatetheperformanceof anaddresspredictor, we use
two measures:theaddresspredictabilitycapturedby the
predictorandtheaccuracy of thepredictor. Theaddress
predictability is defined as the percent of correct
predictions out of the number of executed load
instructions.The accuracy is definedas the percentof
correct predictions out of the number of predictions
performed.TableI shows the addresspredictabilityand
the accuracy obtainedusing an BP with an unbounded
AT in the integerbenchmarksof thespec-95benchmark
suite. In this work we have focusedon integer codes
becausethey aremoresensitive to the effective latency
of load instructions than floating-point codes [11].

Binaries used in this work have been obtained
compiling with the -O4 switch of the cc native
compiler of the machine(an Alpha 21164 processor,
with OSF1 V3.2). Then, they have beeninstrumented
with ATOM (only user-level code) to evaluate the
performanceof the predictors.Benchmarkswere run
until completion,andloadsto zeroedregistershavebeen
ignored.

Fig. 1.  Base Last-Address Predictor scheme and pseudo-code (++ and -- operators update counters in a saturated way).

Address Table (AT)

address
confidence

PC

index_at
/* Predicts an effective address
Output variables:
-predicted: a prediction is suggested
-pred_addr: predicted address
*/
void Prediction(PC) {
index_at = INDEX_AT(PC);
tag = TAG(PC);
if (AT[index_at].tag == tag) {
if (AT[index_at].conf > 1) {
predicted = TRUE;
pred_addr = AT[index_at].address;

}
else predicted = FALSE;

}
else predicted = FALSE;

}

counter

tag

tag

void Update(PC, address) {
index_at = INDEX_AT(PC);
tag = TAG(PC);
if (AT[index_at].tag == tag) {
if (AT[index_at].address == address)

AT[index_at].conf ++;
else AT[index_at].conf --;

}
else {
AT[index_at].tag = tag;
AT[index_at].conf = 1;

}
AT[index_at].address = address;

}
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TableI shows that the BP predicts correctly a
significant percent of addressescomputed by load
instructions: between 19% and 79%. Moreover, the
accuracy of the BP is between 92% and almost 100%.

III. EFFECTIVE-ADDRESSLOCALITY ANALYSIS

Many works have analysed a property of memory
references:the locality. It has been defined as the
program’s tendency to reference memory in
non-uniform, highly localized patterns[4]. Temporal
locality and spatial locality are the main classesof
locality presentin memoryreferences.Temporallocality
is the tendency to referencea memorylocationthathad
been referencedin the past; spatial locality is the
tendency to referencea memorylocationthat is closeto
another memory location referenced in past.

The addressescomputed by the load instructions
exhibit both kinds of locality. This fact can producea
certain degree of redundancy in the contains of the AT:

a) Temporal redundancy: As the BP assignsan AT
entry to every static load instruction, load instructions
that computethe sameaddressrecordit redundantlyat
severalAT entries.For instance,theaccessesto thesame
global variable from different routines,and the stack
accessesperformedby routinescalled from the same
stack height produce this effect.

b) Spatialredundancy: Someaddressesrecordedin AT
will beclosethen,in mostcases,only will differ in their
low-orderbits. Thatproducesredundancy becausesome
addressesrecordedin the AT have the samevalue in
their high-order bits. For instance, global variables
stored in consecutive addressesand stack accesses
produce this effect.

Locality analysis
We will presentan analysis of the locality of the

addressesrecordedin AT. To performthis analysis,the
lastreferencetime of every addressis usedto maintaina
temporalorderingon a stackof slots;every slot records
an addressandan addressis recordedin only oneslot.
When an addressrecordedin the stack is not the last
addresscomputed by any load instruction, its slot
becomesanemptyslot. Then,if anaddressis not found
in thestack,theaddressis recordedin themostrecently
empty slot and it is moved to the top of the stack.

We definethematchdepthof theMost RecentlyUsed

(MRU) addressas one, the matchdepthof the second
MRU addressas two, and so on. Then, for every
dynamicloadinstruction,weevaluatethematchdepthof
its computedaddress;if it is not found in the stack,its
match depth is infinite.

Many works [9][16][22] have observed that some
static load instructionsare highly unpredictable.Then,
unpredictableload 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
considerthatthematchdepthof theaddressescomputed
by unpredictable load instructions is zero.

2. Dynamic-load-instructiondistributions accordingto their match
depth;dynamic load 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 graph is related with a % of
dynamic load instructions.

To analyse the temporal locality of the effective
addresses,we must discardzero low-order bits of the
addresses,andto evaluatethe spatiallocality in AT we
must discardsomelow-order bits of them. In Figure,
vertical axesstandfor the matchdepth,horizontalaxes
standfor the numberof low-order bits discarded,and
every graph is relatedwith a percentof dynamic load
instructions.The meaningof every graph is that the
addressesreferencedby this percentageof dynamicload
instructionshaveamatchdepthsmalleror equalthanthe
vertical height. For instance,in benchmarkcompress,
discarding 6 low-order bits of the addresses,the
addressesreferencedby the 99% of dynamic load

TABLE I Benchmarkdescription,inputdataset,numberof staticload
instructions (present in the binary file and executed at least once),
number of dynamic load instructions, and performance (maximum

address predictability and accuracy) obtained using theBase
Last-Address Predictor with anunboundedAT. Measurestakenonan

Alpha processor.

Bench. Description Input
StaticLoads
present/exec.

(×103)

Dyn.
loads

(×109)

Last
addr,
pred..

Accur.

go GO game player Ref. 21 / 16.3 8.5 47.81 92.40

mksim Processor simulator Ref. 13 / 3.7 19.3 69.53 96.89

gcc C compiler cp-decl.i 97 / 21.3 0.1 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 22.8 56.28 93.90

li Lisp interpreter Ref. 7.7 / 2.4 18.6 30.20 94.11

ijpeg JPEG encoder Ref. 15 / 3.9 7.1 19.11 93.14
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instructionshave a matchdepth≤13. This valuereflects
the numberof different high-orderportions that have
been referenced recently by the predictable load
instructions.

The low-order bits of the addressescomputedby
predictableload instructionsuse to be not significant
(Figure) in consequenceof the Alpha architecture,
becausemost load-instructionoperationcodesproduce
eight-bytealignedaddressesand load instructionsthat
arenotaligneduseto beunpredictable.As thenumberof
low-orderbits discardedgrows, the matchdepthrelated
to the percentage of load instructions decreases.

The working-set size of static load instructions1 is
muchbiggerthanthemaximummatchdepthof the99%
of dynamicloadinstructions.For instance,in benchmark
go, the working-set size of static load instructionsis
larger than 2.048 load instructions,but discarding12
low-order bits of the addresses,99% of dynamic load
instructions have a match depth≤16.

Resultssuggestanorganizationof thepredictorwhere
high-orderbit portionsof addressesaresharedbetween
several low-order bits portions in a many-to-one
mapping.Then,exploiting thespatiallocality in address
portions can be valuable to reduce the area cost of
predictor.

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

In this section,we replacetheaddressfield of theBP by
the suggestedTwo-Level Address Storage (TLAS)
organization;thenew predictorwill benamedTwo-Level
Address Predictor (2LAP). We describethe 2LAP, and
perform evaluations of the management of
High-Address-Tableentriesandthefiltering-outof some
allocations. Also, we evaluate two replacement
algorithms.

A.   2LAP design

We have shown that there is a certain degree of
redundancy in the informationrecordedin theAT of the
BP. To reducethe redundancy in the predictiontableof
anaddresspredictor, weusetheTLAS organization.The
AT is split in two parts(FigureFig.): the Low-Address
Table (LAT) and the High-AddressTable (HAT). The
low-orderbitsof theeffectiveaddresseswill berecorded
in theLAT andthehigh-orderbits in theHAT; moreover,
eachLAT entry hasa link to referenceoneHAT entry.
Then,aHAT entrycanbesharedby severalLAT entries:
a one-to-many relationship.

To predicta load instruction,the 2LAP indexesLAT
usingthePCof theloadinstruction;this accessretrieves
the low-orderbits of the predictedaddressanda link to
HAT. After that, the predictoraccessesHAT using the
link; this accessobtains the high-order bits of the
predictedaddress.The predictedaddressis formed by

the concatenation of 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
implementation restriction becausethe LAT can be
accessedvery early in the pipeline and, in current
processors,thenumberof pipelinestagesbeforeissuing
a instructionis solargethatbothpredictiontablescanbe
accessedbefore issuing the dependentoperations;for
instance,the Alpha 21264processorspends5 pipeline
stagesbefore issuingan instruction [1]. Moreover, we
could reduce the critical path of the predictor by
recordingin theLAT enoughlow-orderbits for indexing
the cache.

A.1 LAT and HAT management
The 2LAP updatesthe LAT like the BP updatesthe

AT, that is, using thealways-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
function useddependson the numberof HAT entries.
Fully associative lookupsarepossibleusinga HAT with
a small number of entries; as a reference,current
microprocessorsperformfully associative lookupsin up
to 96-entry TLB’s [12].

To reducetheeviction from HAT of usefulinformation
on a HAT miss,the2LAP searchesHAT entriesthatare
related to zero LAT entries (empty HAT entries).To
detectthem,we will associateto every HAT entrya link
counterthatreflectsthenumberof LAT entrieslinkedto
it. If noneempty HAT entry is found, the 2LAP picks
randomlya HAT entrybut theMRU oneandreplacesit
(no-MRU algorithm).Theseactionscanbeperformedin
parallel before selecting the replaced entry.

On a LAT replacement,or a updatedueto a changein
thehigh-orderportion,thelink counterof thepreviously
relatedHAT entry is decreasedby one(couldemptythe
HAT entry). When the LAT entry is linked to a HAT
entry, its link counteris updated:it is increasedif the
high-orderportion wasyet allocated(HAT hit), andset
to one otherwise.

On a replacementin HAT, the LAT entriesthat were
related to the evicted HAT entry are not invalidated
becausethe cost is considerableand require more
complex logic. Notice that theseincoherenciesdo not
break the program correctnessbecausethe predictor
belongsto anspeculative mechanism;on theotherhand,
theseincoherenciescould decreasethe performanceof
the predictor.

In a later section we will show the performance
decreaseif the detectionof empty HAT entriesis not
consideredon HAT replacements.Also we will present
the differencesbetween the no-MRU and the LRU
policies. Moreover, we will discuss the link-counter
width.

A.2 Filtering out HAT allocations
It is not useful to record high-order bits related to

unpredictable load instructions because these load
instructions will not be predicted. The 2LAP will
allocatein LAT theseloadsbut will avoid theallocation
in HAT of high-orderbits computedby them, that is,

1. We define the working-set size of static load instructionsof a
benchmarkastheminimumtwo-powernumberof AT entriesneededto
achieve, at most,a 1% miss rate in a fully associative AT with LRU
(LeastRecentlyUsed)replacementpolicy. Theworking-setsizeof the
analysedbenchmarksis ≤ 128 (compress), 256-512(li, ijpeg, perl),
1.024 (mksim) and≥ 2.048 (go, gcc, vortex).
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their LAT entries will not be linked to any HAT entry.

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

Most load instructionscan be classifiedproperly by
checkingthe low-orderbits of their effective addresses,
but for someload instructionsit is not sufficient. For
instance,for loadswith astridemultipleof 2b, whereb is
thenumberof low-orderbits analysed,theclassification
will bewrongandcanproducemispredictions.However,
a proper classificationcan be performedby analysing
other bits of the addresses.

Then,in this paperwe proposeto selectdynamically
theeffective-addresschunkthatmustberecordedin the
LAT entry to classify each load instruction. As LAT
entries record b bits of the addresses,we divide the
addressesin several non-overlappedb-bit chunks.The
2LAP will assumethattwo addressesarethesameif the
address-chunkcontentsareequal,andit will updatethe
confidence counter consequently.

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

For load instructionsclassifiedaspredictable,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,
decreasesits link counter, selectsthelower chunkof the
computedaddressthat is not equal to the one of the
predictedaddress,and recordsit in the LAT entry. In
next executions,classificationis performedby checking
the selectedaddresschunk; for this, every LAT entry
contains a field that identifies the address chunk
recorded in it. When the classification changes to

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

In a later section we will show the performance
decreasewhenfiltering is not usedandwe will present
the effect of the chunkselectionon the accuracy of the
2LAP.

FigureFig. shows theschemeandpseudo-codeof the
2LAP.

B.   HAT implementation issues

In this subsectionwe evaluatedifferentpoliciesin HAT
replacementalgorithm.For this, unboundedLAT’s have
been used.

To performa prediction,HAT is accessedafter LAT,
close to the fetch stage, and in a later stage it is
looked-upand updated.In this paperwe considerthat
accesstimeof largeHAT'scanbea restriction.Then,we
evaluateHAT sizeswith anaccesstime closeto theone
of the register file; we use16, 32 and 64-entryHAT's.
Also, for these sizes, associative lookups can be
performed.For thesetable sizes,Figure suggeststhe
numberof low-orderbits that shouldbe recordedin the
LAT entries (b): 10, 12 and 14. Without HAT
access-timerestriction,otherdesignscanbe considered
for bigger HAT's as n-way associative mapping and
sequential lookups [26].

First we perform evaluations using the LRU
replacement algorithm in HAT. Later, we present
performancedifferencesof theLRU versustheno-MRU
algorithm.

Also, we show accuracy differences between
classifyingload instructionscheckingthe low-orderbits
versusallowing a dynamicchunkselection.On theother
hand,differencesin capturedpredictabilitybetweenboth
classifiers are negligible.

B.1 Filtering HAT allocations and managing empty HAT
entries

To evaluatetheeffect of managingemptyHAT entries

Fig. 3. 2LAP scheme and pseudo-code (++ and -- operators update the counter in a saturated way).
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and the effect of filtering out the allocationin HAT of
address portions computed by unpredictable load
instructions,we have comparedfour 2LAP designs.We
have evaluatedthe influenceof managingempty HAT
entrieswhenHAT allocationsarenot filtered out. Also,
we have evaluated the influence of managingempty
HAT entries when HAT allocations are filtered out.

Our resultsshow that the managementof emptyHAT
entriesincreasesthe predictabilitycapturedby a 2LAP.
Moreover, without the useof filtering, the performance
increaseis bigger; that is, HAT allocationsare more
sensitive to themanagementof emptyHAT entries.This
effect is speciallynoticeablein benchmarkcompress. In
compress, a load instructionaccessesa large hashtable
(up to 219 bytes); this load instructionis unpredictable
andpollutestheHAT with differentvalues.By managing
empty HAT entries,the HAT entry relatedto this load
instructionbecomesan emptyentry, and it is reusedto
record the new address portion.

FigureFig. shows theinfluenceof bothpolicieson the
predictability captured by the 2LAP in benchmark
compress. The vertical axis standsfor the predictability
capturedby thepredictors,andthehorizontalaxisshows
different predictor configurations and benchmarks.
Results for configurationswith the same number of
low-orderbits in LAT entriesaregrouped;thedifference
betweenthemis thenumberof HAT entries.Thebottom
sideof eachbarstandsfor thepredictabilitycapturedby
the 2LAP configurationthat doesnot filter, andthe top
side stands for the predictability increment due to
filtering. We canobserve 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.

Fig. 4. Effect on the captured predictability of filtering-out HAT
allocations without managing empty HAT entries (without) and

managing empty HAT entries (with). Results presented for
benchmarksgcc andcompress.

Filtering is valuable to reduce the working set of
different high-order address bits; predictable load
instructionscan useHAT entriesthat could have been
related to unpredictable load instructions. Also,
medium-predictableload instructionscanunlink a HAT
entry in an unpredictable burst. The increase in
performanceis noticeable in benchmarkswith large
number of unpredictablestatic load instructions; for
instance gcc (FigureFig.). Observe that filtering

increases the predictability captured by the 2LAP
independentlyof themanagementof emptyHAT entries;
but combiningboth characteristics,the 2LAP captures
more predictability.

Frompreviousobservations,thepredictabilityincrease
is obtainedby managingempty HAT entries and by
filtering-out HAT allocations; each characteristic is
usefulfor somebenchmarks.Using2LAP configurations
that manageempty HAT entries,FigureFig. shows the
capturedpredictabilitywithout filtering andfiltering-out
HAT allocations for all the evaluated benchmarks.

Configurationswith b=14 and 32 HAT entriesor 64
HAT entries,and b=12 and 64 HAT entriescaptureas
much predictability as the BP with an unboundedAT
(exceptin gcc). In the remainingconfigurations,we can
appreciate a captured-predictabilitydecreaseof the
2LAP respectthe BP. The decreaseis significant in
benchmarksgo, gcc and vortex; these results are
coherent with the match-depthevaluations (Figure)
becausethese benchmarkspresent the largest match
depths.

Fig. 5. Effecton thecapturedpredicatabilityof filtering-outHAT
allocations managing empty HAT entries.

B.2 Influence of chunk selection on the accuracy

Fig. 6. Influence of dynamic chunk selection on the accuracy of
the 2LAP using unbounded LAT's.

Chunk selection almost does not influence on the
predictabilitycapturedby the 2LAP but the accuracy is
sensitive to it. FigureFig. presentsan evaluationof the
accuracy of the 2LAP in two benchmarksthat compute
addresseswith large strides:ijpeg (up to 211 bytes)and
turb3d (up to 218 bytes).The bottom side of eachbar
shows the accuracy of a 2LAP that always selectsthe
low-orderbits of theaddresses;the top sideof eachbar,
reflects the incrementon the accuracy when dynamic
selectionof the properchunkis performed.With chunk
selection,the accuracy of the predictorsaturatesfor all
the analysed configurations.

In the remaining SPECT-INT benchmarks,chunk
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selectionalmostdoesnot influenceon the accuracy 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 replacementpolicy that selectsrandomlya
HAT entry but the MRU one (no-MRU algorithm)
becausethe implementationof the LRU algorithm is
complex and expensive for large tables. FigureFig.
shows the performance difference between both
replacementpolicies.Thebottomsideof eachbarstands
for the predictability captured using the no-MRU
algorithm, and the top side of eachbar standsfor the
increment due to the LRU algorithm.

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

Theperformanceof the2LAP is not saturatedin some
configurationswith the no-MRU replacementalgorithm
becausethereareasignificantamountof capacitymisses
in HAT. In thesecases,theLRU algorithmis betterthan
no-MRU algorithm and the predictability decreaseis
limited by a 2.4%.For configurationswith b=12 and64
HAT entries,andwith b=14 and32 or 64 HAT entries,
both the LRU and the no-MRU algorithmsexhibit the
same performance.

B.4 Link-counter width
Our experiments show that using three-bit link

counters the performance of the 2LAP is almost
saturated.Notethatthegoalof thesecountersis 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
characteristicsof the 2LAP using boundedprediction
tables:areacost, capturedpredictability and accuracy,
and compares them with the ones of the BP.

BoundedLAT's can reducethe pressureover HAT,
decreasingthe amount of capacity misses.However,
evenusing64 HAT entries,theaccuracy of some2LAP
configurationsdecreasesrespect the one of the BP.
Consequently, resultsshowedin this paperwill focuson
64-entry HAT's. Moreover, we will use 2LAP
configurationsthat manageempty HAT entries, 3-bit
link counters,no-MRU replacementalgorithm in HAT
and b=10, 12 or 14. Working-set size of static load
instructionsof the benchmarks[17] justifies that the
selected LAT-size range is from 256 to 4.096 entries.

A.   Area cost of the predictors
Weevaluatetheareacostof anaddresspredictorasthe

numberof bits of informationthat it records.Following
expressionsshow the areacostof the BP andthe 2LAP
with theno-MRU replacementpolicy asafunctionof the
numberof prediction-tableentries.Wehaveassumedthe
use of 64-bit logical addresses,t-bit tags, 3-bit link
countersin theHAT entries,andb-bit addresschunksin
eachLAT entry. The last componentof the 2LAP area
cost is neededto record the index of the MRU HAT
entry.

The numberof tag bits influenceson the accuracy of
the predictor. In the analysedbenchmarks,Moranchoet
al. show in [17] that the accuracy of the BP saturates
when the numberof index bits plus tag bits is 17. We
will use2LAP configurationswith this numberof tag
bits. A similar behaviour is observed in the context of
branch-instruction identification [7].

Thearea-costreductionfrom anBP configurationto a
2LAP configurationwith the samenumberof AT and
LAT entriesdependson the numberof LAT entries,the
number of HAT entries and b. In the evaluated
configurationsthereductionrangesfrom 37%(256LAT
entries,b=14) up to 60% (4.096 LAT entries,b=10).

B.   Captured address predictability

FigureFig. shows the predictability captured by the
2LAP and the BP in the benchmarkswith the largest
working-setsize of static load instructionsand match
depths.Thehorizontalaxesstandfor thearea-costof the
predictorandtheverticalaxesstandfor thepredictability
capturedby the predictor. The leftmost-top graph is
labelledwith the numberof AT andLAT entriesof the
predictor configurations.

The area-cost reduction from a 2LAP to a BP
configurationwith the samenumber of LAT and AT
entriesdo not representa performanceloss.Continuous
oval surrounds,in benchmarkgo, configurationswith
AT entries=LAT entries=4.096.In thesecases,the load
instructions allocated in LAT are also allocated in AT.

Similar area-costfor BP and2LAP configurationsare
obtainedwhen the numberof LAT entriesdoublesthe
number of AT entries. These configurations are
surroundedby a dashedoval, in benchmarkgo, for
LAT entries=2×AT entries=2.048.In this case,the2LAP
configurationsoutperformtheBP configurationbecause
LAT has less capacity misses than AT.

The remaining benchmarks present a similar
behaviour but in a different AT/LAT-size range.

C.   Accuracy

Theaccuracy is notagrowing functionon thenumberof
AT entriesasthepredictability:its behaviour is irregular.
Conflicts in AT can increasethe accuracy becauseless
predictionsareperformed.Whentherearefew conflicts
in AT, accuracy dependson the ability of confidence
counterto characterizetheloadbehaviour andto prevent
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somepredictions.In this work we usetwo-bit saturating
countersasa confidencemechanism.More conservative
confidencemechanismscan increasethe accuracy but
also reducethe capturedpredictability; moreover, they
can decreasethe pressureover the HAT. That is, our
resultsfor HAT-entry requirementareanupperlimit for
the HAT-entry requirement of these confidence
mechanisms. However, the evaluation of other
confidence estimators is out of the scope of this paper.

FigureFig. comparestheaccuracy of both theBP and
the2LAP in severalbenchmarks.Theverticalaxesstand
for theaccuracy of thepredictorsandthehorizontalaxes
present the same predictor configurations that in
FigureFig. (without showing areacost); configurations
with the same number of AT and LAT entries are
grouped.

In 2LAP, thereis anothercharacteristicthatintroduces
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
mispredicted.

For small LAT's, some of thesemispredictionsare
removed becausea LAT replacementinvalidates the
link; in this case, a slightly accuracy decreaseis
observed.For largeLAT's,theworking-setsizeof values

for thehigh-orderbitsof theaddressescanbelargerthan
the numberof HAT entries; in this case,an accuracy
decrease is observed. For instance, for 2LAP
configurationswith b=10 the differenceis limited by a
0.7% (gcc).

Accuracy increasesas b grows becausethe pressure
over HAT decreases,then, more replacementsare
performed using empty HAT entries. For 2LAP
configurationswith b=14, 2LAP configurationsare as
accurate as the BP.

Benchmarkijpeg presentsa sharpdecreasefor 256
LAT entriesand b=10. This behaviour is due to load
instructionswith large stride. The allocationof one of
theseloadinstructionsin HAT producesa misprediction
beforeclassifyingit as unpredictable.Its eviction from
LAT by conflictsandsubsequentreallocationreproduces
the previous behaviour.

When LAT size doublesthe AT size, configurations
with a similar areacostareobtained.In thesecases,the
capturedpredictability is bigger in 2LAP but accuracy
usually is lower, becausethe accuracy of the 2LAP
(b=14) is similar to theoneof theBPwith sameAT size,
and the irregular behaviour of the accuracy of BP

VI. TWO-LEVEL ADDRESSSTORAGE APPLIED

Fig. 8. Predictabilitycapturedby theBase Predictor andthe2LAP in severalbenchmarks.Horizontalaxesstandfor thebase-10logarithmof the
area cost of the predictors, vertical axes stand for the captured predictability.

Fig. 9. Accuracy of the BPand the 2LAP. Horizontal axes present predictor configurations, vertical axes stand for the accuracy.
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TO THE LOOKING-BACKWARD PREDICTOR

Some works have proposedpredictors with filtering
capacity. The idea of thesepredictorsis to avoid the
allocationof unpredictableinstructionsin theprediction
table.For this, they delaytheallocationof aninstruction
whenit collidesfew timeswith anallocatedpredictable
instructionthat is beingexecuted.Someproposalsdelay
theallocationof any 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-addresspredictor with
filtering capacity. The evaluation is performedon the
Looking-Backward Predictor [17]; this predictor
improves the performanceof the BP with twice AT
entries, and reduces its area cost around a 40%.

Resultsshow that, the Looking-Backward Predictor
thatusesTLAS needsasmany HAT entriesasthe2LAP
to achieve the performance of the original
Looking-Backward Predictor. Although the
Looking-Backward Predictor is filtering theallocationof
unpredictableload instructionin LAT, the 2LAP is also
filtering the allocation in HAT of high-order bits
computedby unpredictableload instructions.Moreover,
thechainedfiltering of theLooking-Backward Predictor
that uses TLAS does not increase sufficiently the
performanceof the predictorwith fewer HAT entriesto
equalize the performance using 64 HAT entries.

Also, filtering HAT allocationsusingLAT information
can not be suppressedbecausethe predictors with
filtering capacity do not guaranteethe exclusion of
unpredictableloadinstructionsfrom LAT. Moreover, the
information used to filter HAT allocations is more
accurate than the one used to filter LAT allocations.

The area cost reduction for a Looking-Backward
Predictor whenTLAS organizationis usedrangesfrom
29% (256 AT/LAT entries) to 40% (4.096 entries).

VII. CONCLUSIONS

We have shown that the spatial-localitypropertyof the
memoryreferencesproducesredundancy in the address
field of the predictiontablesof the addresspredictors,
becausethenumberof differentvaluesfor thehigh-order
bits of the addresses recorded in the tables is small.

We have taken advantageof this fact to reducethe
amountof informationrecordedin thepredictiontables.
Ourproposedorganizationsplitstheaddressescomputed
by the load instructionsin two parts:thehigh-orderbits
and the low-order bits. Addresseswith the same
high-order bits share the only copy of these bits.

Also, we show that: a) managementof emptyentries
in thetablethatrecordsthehigh-orderbits (HAT), andb)
filtering-out the allocationsof high-orderbits relatedto
unpredictableload instructionreducecapacitymissesin
HAT and improves the performance of the organization.

The inclusion of this organization and control in a
typical last-addresspredictoror in an enhancedaddress
predictorwith filtering capacityreducesthearea-costof
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 processorthat
implements the 2LAP will obtain the same IPC
improvementthantheoneobtainedby implementingthe
BP with a significant area-costreduction. The IPC
improvementobtainedby addresspredictionhave been
reported in [3][5][10][19].

Other predictionmodels(stride-based,context-based
and hybrid) can also take advantage of the
spatial-locality of the addresses to reduce their area cost.
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