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Abstract
Signallingresultavailability from the functionalunits to the
instructionschedulercan increasethe cycle time and/or the
effective latency of the instructions.The knowledge of all
instructionlatencieswouldallow theinstructionschedulerto
operatewithout theneedof externalsignalling. However, the
latencyof someinstructionsis unknown;but, the scheduler
can optimistically predict the latency of theseinstructions
and issue speculatively their dependent instructions.
Although prediction techniques have great performance
potential, their gain can vanish due to misprediction
handling. For instance, holding speculatively scheduled
instructionsin the issuequeuereducesits capacityto look-
ahead for independent instructions.
This paper evaluates a recovery mechanism for latency
mispredictions that retains the speculatively issued
instructionsin a structure apart from the issuequeue:the
recoverybuffer. Whendatabecomesavailableafter a latency
misprediction, the dependentinstructionswill be re-issued
fromtherecoverybuffer. Moreover, in order to simplifythere-
issue logic of the recovery buffer, the instructions will be
recorded in issue order.
On mispredictions,therecoverybuffer increasestheeffective
capacityof the issuequeueto hold instructionswaiting for
operands.Our evaluationsin integer benchmarksshowthat
the recovery-buffer mechanism reduces issue-queuesize
requirementsabout 20-25%. Also, this mechanism is less
sensitive to the verification delay than the recovery
mechanism that retains the instructions in the issue queue.

1. Introduction
In dynamically-scheduledsuperscalarprocessors,instruc-
tions wait in the issuequeuefor the availability of operands
and functional units [8][13][16][17]. To issue instructions
out-of-orderto the functionalunits, the issuequeuehastwo
components:a) wakeuplogic andb) selectlogic. Thewakeup
logic keepsmonitoringthe dependenciesamongthe instruc-
tions in the issuequeueand,whenthe operandsof a queued
instructionbecomeavailable,this logic will marktheinstruc-
tion asready. Theselectlogic selectswhich instructionswill
be issued to the functional units on the next cycle.

Consideringonly instructionswith known latency, a mecha-
nism that countslatenciesand wakes-updependentinstruc-
tionscanbeincludedin theissuelogic. However, to dealwith
instructionswith unknown latency, the functionalunits must
senda signalto thewakeuplogic; then,with high clock rates,
wire delaysmay forbid back-to-backexecutionof dependent
instructions[1][10]. Therefore,a valuablemechanismthat
dealswith unknown-latency instructionsis latency prediction.
If the predictedlatency is optimistic, instructionsdependent
on the predictedinstructioncan be scheduledspeculatively;
however, a recovery mechanismis neededon mispredictions
to nullify andto re-issuethespeculatively issuedinstructions.

A simple alternative is squashing;all the instructions
youngerthan the mispredictedinstructionare flushedfrom
theprocessor, andtheseinstructionsarelaterre-fetchedfrom
the instructioncache.This processis identicalto thebranch-
misprediction recovery mechanism.

However, to reducethe penalty of the recovery process,
finer recovery mechanismsareneeded.For instance,they can
benefit from the fact that the instructionsthat must be re-
issuedhavealreadybeenfetched.In thiscase,themechanism
mustprovide storageto keep,until the predictionis verified,
the speculatively issued instructions.

A conventionalsolutionis to maintainthechainof specula-
tively issuedinstructions(and probably other independent
instructions)in the issuequeue[9][14] until latency predic-
tion is verified. However, unlessincreasingthe issue-queue
size,processorperformancecansuffer becausethis solution
reducesthecapacityof theschedulerto look-aheadfor inde-
pendentinstructions.On theotherhand,increasingtheissue-
queuesizewill be limited by futurewire delays[1]. Then,as
theissuequeueis in thecritical path,this solutionis a limited
alternative.

Anotherapproachconsistsin extracting the issuedinstruc-
tions from the issuequeueafter being issued,and storing
them in a recovery buffer, apartfrom the issuequeue,until
latency predictionis verified. Then,new instructionscanbe
insertedin the freed issue-queueentriesand the look-ahead
capacityof theissuequeueis maintained.Onamisprediction,
the re-issueis performedfrom the recovery buffer and, to
reducethe complexity of the re-issuelogic of the recovery
buffer versusthat of the issue queue,the recovery buffer
maintainsthe relative issuecycles betweenthe instructions.
Moreover, on mispredictions,the recovery buffer increases
the amountof in-flight instructionsbecauseit holds issued
instructions dependent on latency-mispredicted instructions.

A scopewherethis work canbe appliedis load-usedelay.
Load instructionshave unknown latency becauseit depends
on the locationof the datain the memoryhierarchy. Moreo-
ver, tag-checkingis in thecritical pathto wakeupthedepend-
entinstructions;also,in first-level caches,data-arraycontents
can be obtained before tag-checkingresult [12]. Conse-
quently, waiting until tag-checkingto wake up thedependent
instructionscanreducetheperformance.For instance,in a 4-
way processorexecuting integer benchmarks,performance
degradationis about6% whenload-usedelayincreasesfrom
3 to 4 cycles.

This paper applies latency prediction in the instruction
scheduler, and evaluatesthe performanceof the recovery-
buffer mechanismversuskeeping the speculatively issued
instructionsin theissuequeue.Moreover, two issued-instruc-



tion nullification policiesareevaluated:a) nullifying all the
instructions potentially dependent on the mispredicted
instruction, b) nullifying only the chain of instructions
dependent on the mispredicted instruction.

The evaluations are focused on load-latency prediction
[4][5][7][9] and, as high first-level-cache hit rates are
expected,thepredictionis thatall loadinstructionsarehits in
datacache;asa sideeffect,cachetag-checkingcanbemoved
out of the critical path.Evaluationsshow that the recovery-
buffer mechanismoutperforms the conventional recovery
mechanism.And, for integerbenchmarks,therecovery-buffer
mechanismallows a issue-queue-sizereduction about 20-
25% without performance decrease.

The rest of this paper is organizedas follows. Section2
characterizestherecovery processfor latency mispredictions.
Section3 outlines the recovery processwhen speculative
instructionsareretainedin the issuequeue.In Section4 the
recovery processusing the recovery buffer is designed.
Section5 gives performanceresults of the recovery-buffer
mechanismcomparedwith theconventionalrecovery mecha-
nism.Finally, Section6 presentstheconclusionsof thiswork.

2. Background
Figure1 shows two caseswherelatency predictionis profita-
ble (stagesbetweeninstruction-fetchstageandrenamestage
are not shown as they are not relevant to this work). In
Figure1.a, as tag-checkingis performedbefore waking-up
thedependentinstruction,it increasesload-usedelayif data-
array accessis a cachehit. Using latency prediction, tag-
checkingcan be decoupledfrom dataavailability, and thus
load-usedelayis reducedby onecycle.Otherpipelinedesign
(Figure1.b),includesastagebetweentheissuequeueandthe
functionalunits. In this case,to supportback-to-backexecu-
tion of dependentinstructions,wakeup logic must wake-up
the dependent instructions before tag-checking.

In bothcases,predictinghit latency is usefulto executethe
chain of dependentinstructionswithout delay if memory
accessis a cachehit. Without latency prediction, load-use
delayis threecycles;with latency prediction,load-usedelay
is two cycles.However, a recovery mechanismis requiredon
a latency mispredictionbecausethe dependentinstructions
useincorrectdatain their computations.Fromnow, thepipe-
line designb) of Figure1 is usedon the examplesof this
paper.

For instance,latency predictionis alsousefulin: a)waypre-
diction in associative caches,b) bank prediction in multi-
banked caches,c) designswhere the physical registersare
read after the issuestagein a pipelined way, d) first-level
cachewith ECCcorrectionlogic, e)pipeliningthescheduling
logic [15].

Figure2 is usedto introducethe terminologyof this paper.
Assumethat on cycle 1 a load instruction is issuedwith a
data-cachelatency of two cyclesanda tag-checklatency of
threecycles. When hit latency is predicted,the speculative
instructionspotentially dependenton the load instruction,
directly or througha dependentchain,areissuedon cycles3,
4 and5 (shadowedinstructions).We namethesecyclesspec-
ulativewindow(SW); thatis, thecycle rangefrom waking-up
the first potential dependentinstruction until tag-checking.
We nameverificationdelayto thedurationof thespeculative
window (threecycles in the example).Also, we nameinde-
pendentwindow(IW) to thecycle rangebetweenissuingthe
load and the beginning of the speculative-window; the
instructionsissuedduring the independentwindow areinde-
pendenton theload.An instructionis insidea window if it is
issuedduring a cycle of the window. A waveof instructions
represents all the instructions issued during a cycle.

2.1. Recovery on a mispredicted latency
Known scopeswhere the processorexecutes instructions
speculatively arebranchpredictionandmemory-dependence
prediction.

Branch prediction is used to speculatively execute pre-
dicted-pathinstructions.Theseinstructionsmay be issued
beforeissuingthe predictedbranchinstruction.The predic-
tion is performedby thefetchunit andtheverificationis per-
formed by the branchinstructionwhen it is executed.On a
misprediction,wrong-pathinstructionsaresquashedandthe
fetch unit is redirected to the new path.

Memory-dependenceprediction is usedto executea load
instructionandits dependentinstructionsbeforeknowing the
addressesaccessedby older storeinstructions.The specula-
tive instructionsare issuedafter issuing the predictedload
instruction.Thepredictionis performedby a loadinstruction
and the verificationby an older storeinstruction.On a mis-
prediction,theinstructionsthatmustbenullified arethesame
that must be re-executed.

Usually, thesepredictionsrely onageneralrecoverymecha-
nism that flushes-out the entire instruction pipeline [8][9].

pipeline a)
 load R1= ... . . . R IQ @ m TC w

 ... = R1 ... ... IQ exe w
pipeline b)

load R1= ... . . . IQ R @ m/TC w

... = R1 ... . . . IQ R exe w

Figure 1: Pipeline designs without latency prediction. Stages: read registers (R),
issue queue (IQ), compute address (@), execute (exe), data-array access (m), tag-
checking (TC), write registers (w). Pipelines: a) Registers are read before IQ stage;
tag-checking is performed one cycle after data availability. The issue queue stores
the values of the registers or a functional-unit identifier. b) Registers are read after
IQ stage; tag-checking and data availability performed on the same cycle.

cycle 1 2 3 4 5 6 7

LD IQ R @ m TC w  predict hit latency

IQ R exe w

IQ R exe w

IQ R exe . . .

IQ R . . .

IQ . . .

IW SW

Figure 2: Instruction flow after issuing a load instruction (LD) on cycle 1 with pre-
dicted hit latency. IW is the Independent Window, SW is the Speculative Window.



Unlike the previous prediction types, latency prediction
shows all the following characteristics:
• The verification of the prediction is performed by the

predicted instruction.
• The speculative instructions are issued after issuing the

predicted instruction.
• When a latency-predictedinstruction is issued,the cycles

where the dependentinstructions can be speculatively
issued are known (the speculative window).

• On a misprediction, the instructions that must be re-
executed are the same that are nullified.
Thesecharacteristicsallow the designof a simplerecovery

mechanismthat is slightly aggressive from a performance
point of view1. Whena mispredictionis detected,all instruc-
tions issuedinside the speculative window are nullified and
their dependentinstructionsareslept.After that,thenullified
instructions are re-issuedin proper time: the instructions
independenton thelatency-predictedinstructionarere-issued
on next cycles, and the dependentinstructionswill be re-
issuedwhendatais available.In next sectionsweanalysetwo
structuresfor keepingtheinstructionswhile predictedlatency
is verified: the issue queue and the recovery buffer.

The previous approachlosseson every misprediction a
number of cycles equal to the speculative-window size.
Figure3 shows anexamplewhere3 cyclesarelost on a mis-
prediction. A better mechanismis also evaluated in this
paper;the mechanismonly nullifies the instructionsdepend-
ent on the mispredicted instructions.

Our evaluationsassumethat no instruction is issuedon
cycleswherelatency mispredictionsaredetected;that is, on
the last cycle of the speculative window of a mispredicted
instruction, the instructions selectedto be issued are not
issued (cycle 5 in Figure3).

In summary, this paper presents evaluations of two
approaches:
• A conservativeapproach,namednon-selective,thatassumes

thatall issuedinstructionsareinsidea potentialspeculative

window. On mispredictions,it nullifies all the instructions
inside the speculative window.

• An aggressive approach,namedselective, that considers
only the instructions dependent on latency-predicted
instructions. On mispredictions, it nullifies only the
instructions of the speculative window dependent on
mispredicted instructions.
Theseapproachesrepresenttwo extreme cases,although

several intermediate approaches could be designed.
2.2. Base Pipeline and Issue Queue
Base Pipeline (Figure4). After fetchingtheinstructions,they
are decodedand renamed.A renamedinstructionresidesin
theissuequeueuntil its sourceoperandshave beencomputed
andit hasbeenselectedfor execution.After it hasbeenexe-
cuted,it is marked in the ROB (reorderbuffer) ascomplete.
After that, it is committedwhenall previous instructionsin
programorderhave beenmarkedascompleteandhave been
committed.When an instructionis committed,the architec-
tural stateis updatedwith thespeculative stateandresources
are freed. The ROB records all in-flight instructions.

Base Issue Queue. The issuequeueincludesa dependence
matrix (Figure5) to track dependenciesamonginstructions.
The matrix hasasmany rows as the numberof instructions
analysedsimultaneouslyfor scheduling,and as many col-
umns as the number of physical registers (registers for short).

The columnsare wires that crossall rows and eachrow
includesa bit for eachcolumn.Eachcolumnmarksthe data
availability of a register. Eachcolumnis setby a count-down
latency counteror by ashift registerconnectedto thecolumn.

When an instruction is inserted in an issue-queueentry
(row), the bits relatedto the sourceoperandsof the instruc-
tion areset.Also, the latency counterrelatedto the destina-
tion register is initialised to the instruction latency.

Eachcrosspointof thedependencematrix containsa logical
circuit thatdeterminesif therequiredsourceoperandis ready.
For eachrow, theoutputsof theselogical circuitsareusedto
computea ready bit thatindicatesif theinstructionis readyto
beselectedby theselect logic. Ready bits areevaluatedevery
cycle.

Whenaninstructionis issued,thelatency counterrelatedto
its destinationregister is decreasedon every cycle. Then,
whenlatency lapses,thecolumnwill besetto marktheavail-
ability of the result.

1. Alpha 21264 processorhandles this situation with a minirestart
mechanism.All integer instructions issued during the speculative
window are “pulled back” into the issue queue to be re-issued later [9].

issued
instructs.

1 2 3 4 5 6 7 8

a,b IQ R @ m TC ... mispredicted

c,d IQ R @ m TC w

e,f IQ R exe nullified

g,h IQ R nullified

i,j IQ no issued

f,h IQ R . . .

j,k lost cycles IQ . . .

Figure 3: Load instruction a is a latency-mispredicted
instruction. On cycle 5, the misprediction is detected,
instructions i and j are not issued and do not wakeup
their dependent instructions; also instructions e, f, g,
h are nullified and their dependent instructions (i, k, n
and m) are slept in the issue queue. On cycle 6, nulli-
fied instructions f and h are re-issued and their
dependent instructions are waken-up. On cycle 7, instruction j is re-issued and
instruction k is issued. Instructions dependent on load instruction a are re-issued
(not shown) once the memory hierarchy provides data.
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3. Keeping issued instructions in the
issue queue
In regular operation,without latency prediction,instructions
areremovedfrom the issuequeueassoonasthey areissued.
However, with latency prediction,someinstructionsmustbe
re-issued when a misprediction is detected.

To perform a fast recovery, a possibility is keepingeach
issuedinstructionin the issuequeueuntil the instructionis
known to be unnecessaryfor a recovery action [9]. During
thesecycles,theissuedinstructionshouldbenonvisible to the
select logic. Then,a no-request bit is addedto eachdepend-
ence-matrix row; the bit is set when its instruction is issued.

Whenan issuedinstructionis known not to be neededin a
latency-mispredictedrecovery action,it canberemovedfrom
the issuequeue.Otherwise,on a misprediction,it must be
nullified. It is madevisible again to the select logic, and its
destinationregisteris setasnot availableto delaytheissueof
its dependent instructions until it has been re-issued.

Two control circuits performtheseoperations:the removal
circuit andtheregister-scoreboard circuit. Figure6 shows the
interface between them and other issue-queue elements.

The removal circuit is usedto remove issuedinstructions
from theissuequeue(if it is safeto remove them),aswell as
to make them visible again (if they must be re-issued).

Theregister-scoreboard circuit is usedfor activatinglatency
counters(for eachissuedinstruction) or for unsettingcol-
umns (for eachnullified instruction).As ready bits are re-
evaluatedevery cycle, nullified instructionswill re-evaluate
their readybits andall instructionsdependenton thenullified
instructions will be slept.

On every cycle, the removal circuit is being aware of the
issuedinstructionsandtheregister-scoreboard circuit is noti-
fied of their destinationregisters.Both circuits arealsonoti-
fied of which issuedinstructionsarelatency predictedandof
theresultsof thepredictionverifications.Moreover, theregis-
ter-scoreboardcircuit keepstrack of the mispredicted-data
availability.

This paper presents the evaluation of two extreme
approaches that differ on two aspects:
• When can an instruction be removed from the issue queue.
• Which instructions are nullified on a misprediction.

3.1. Non-selective nullification
The simplest recovery mechanismconservatively assumes
that all the instructionsareissuedinsidea potentialspecula-
tive window and,on a misprediction,they aredependenton a
latency-predictedinstruction.Then,all issuedinstructionsare
retainedin theissuequeueduringanumberof cyclesequalto
theverificationdelayminusone.After that,if no latency-mis-
predictionis detected,the instructionscanbe removed from
the issue queue. Otherwise, on a misprediction, all the
instructionsissuedon the speculative window of the mispre-
dicted instruction must be nullified and re-issued (for
instance,instructionse, f, g andh in Figure3). Consequently,
thecolumnsrelatedto theseinstructionsmustberesetandthe
issue-queue entries must be made visible again.

To performbothactions,theregister scoreboard circuit and
theremoval circuit respectively trackthedestinationregisters
and the issue-queueentriesof the instructionsissuedeach
cycle. The informationrelatedto a cycle canbediscardedas
soon as the wave is outside any speculative window.

On a misprediction,bothcircuitsaggregatethe information
relatedto thespeculativewindow of themispredictedinstruc-
tion. After that,theregister scoreboard circuit clearsthecol-
umnsrelatedto thedestinationregistersof theinstructionsto
benullified, andtheremoval circuit unsetstheno-requestbits
of theissue-queueentriesof theseinstructions.Moreover, the
register scoreboard circuit alsoclearsthedestinationregister
of the mispredicted instruction.

Among nullified instructions, there may be instructions
independenton the mispredictedinstruction.Theseinstruc-
tions will immediately compete to be selectedfor issue
becausetheir sourceoperandsarestill available(for instance,
instructionsf andh in Figure3).

A possibleimplementationof the trackingmechanismuses
bit vectors;every cycle, a bit vectoris allocatedin every cir-
cuit. Every bit vectorof theregister scoreboard circuit hasas
many bits as physical registers;setting its i-th bit indicates
that the instruction that producesthe i-th register hasbeen
issuedon the relatedcycle. Every bit vector of the removal
circuit hasasmany bits asissue-queueentries;settingits j-th
bit indicatesthat the instructionallocatedin the j-th issue-
queueentryhasbeenissuedon therelatedcycle.Theamount
of bit vectorsof eachcircuit is equalto theverificationdelay
minus one.

On a misprediction,bothcircuitsaggregatethe information
by OR-ingthebitsvectorsrelatedto thecyclesof thespecula-
tive window. The resultantbit vectorsare usedto clear the
columns and the no-request bits on a single cycle.
3.2. Selective nullification
Thepreviousmechanismis simplebut conservativebecauseit
assumesthat all the issuedinstructionsareinsidea potential
speculative window and, on a misprediction, independent
instructionsinsidethis speculative window arealsonullified.
A more selective mechanismkeepsin the issuequeueonly
instructionsdependenton a latency-predictedinstructionnot
yet verified,andnullifies just theseinstructionson a mispre-
diction. For instance,in Figure3, this mechanismdoesnot
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nullify instructionsf and h, and retainsin the issuequeue
only the instructionse andg.

We supposethat thecycle following theissueof aninstruc-
tion is usedto computethedependenceof the issuedinstruc-
tionsona latency-predictedinstructionnotyetverified.Then,
independentinstructionsare removed from the issuequeue
onecycle after issuingthem,anddependentinstructionsare
keptin theissuequeuewhile thepredictionis notyetverified.

Register-scoreboard circuit tracksdependenciesandnotifies
them(not shown in Figure6) to the removal circuit to track
the issue-queueentriesof the dependentinstructions.To do
so,eachcircuit usesbit vectorswith thesamesizethat in the
previous subsection, but managed differently. When a
latency-predictedinstruction is issued,a bit vector is allo-
catedin eachcontrolcircuit; bit vectorsof theregister-score-
board circuit areinitialisedby settingthedestinationregister
of theinstruction.Thesebit vectorsareupdatedin successive
cycleswith thedestinationregistersandtheissue-queueentry
numbers of the dependent issued instructions.

Register-scoreboard circuit tracks dependenciesusing as
inputs the identifiers of the sourceoperandsof the issued
instructions.If any sourceoperandis markedin thebit vector
of a latency-predictedinstruction,the control circuit setsthe
destinationregisterof theissuedinstructionin this bit vector.
Then, a bit vector shows the registers dependenton the
related latency-predicted instruction.

On mispredictions,eachcircuit usesthebit vectorrelatedto
the mispredictedinstruction.Bit vectorsare freed as in the
non-selective mechanism.Thus,the amountof bit vectorsof
eachcircuit is equalto the issue-widthof latency predicted
instructions times the verification delay minus one.

4. Keeping issued instructions in the
recovery buffer
Keepingspeculatively-issuedinstructionsin the issue-queue
reducesits capacityto look-aheadfor independentinstruc-
tions.This sectiondevelopsa recovery mechanismthatkeeps
issuedinstructionsin anstructureapartfrom the issuequeue
while they can be nullified: the recovery buffer.

Figure7 shows the placementof the recovery buffer in the
pipeline. Every cycle, instructionscan be issuedfrom the
issuequeue,from therecovery buffer or from bothstructures
to the executionpipelines;in the latter case,eachpipelineis
fed prioritarily from the recovery buffer.

After issuingthe instructions,they areremoved from their
sourcestructuresand are storedin the recovery buffer, and
they remain there while they can be nullified.

Eachrecovery-buffer entrystoresall the instructionsissued
on thesamecycle, i.e., an instructionwave. If no instruction
is issuedon a cycle, the relatedrecovery-buffer entry is kept

empty. Thus,the recovery-buffer entriesare time-orderedin
issueorder;thatis, therelative issuecyclesamonginstruction
waves are maintained.For instance,on cycle 5 of Figure3,
the recovery buffer holds the following instruction waves:
(e, f) and (g, h).

Whena predictionis verified andit turnsout to be correct,
the recovery-buffer entriesrelatedto the speculative window
of the latency-predictedinstructionarefreed.However, on a
misprediction,theinstructionsdependenton themispredicted
instructionareretainedin the recovery buffer until they can
bere-issued.For instance,in exampleof Figure3, instruction
waves (e) and (g) would be retained.

For each latency-mispredicted instruction, the recovery
buffer identifiestherangeof recovery-buffer entriesrelatedto
the instruction. Then, when the result of a mispredicted
instruction is available, the re-issuelogic of the recovery
buffer scansthe entry range(oneentry per cycle) relatedto
the instruction to re-issueits dependentinstructions.For
instance,in exampleof Figure3, the re-issuelogic scansthe
entries that hold the instruction waves (e) and (g).

As in thepreviousmodels,on cycleswherea misprediction
is detected(thatis, thelastcycleof thespeculativewindow of
the mispredictedinstruction),the instructionsselectedto be
issuedare not issuedand remain in their sourcestructure.
Also, in the issue-queuestructure,instructionsdependenton
the nullified instructionsaresleptuntil nullified instructions
are re-issued (Section3).

Figure8 shows the interfacebetweenthe issuequeueand
therecovery buffer. Theremoval circuit is not shown because
issuedinstructionsarealwaysremoved from the issuequeue
without waiting for the predictionverification; also, the no-

request bits are not needed.

Executionpipelinescanbe feedfrom both the issuequeue
and the recovery buffer. The multiplexers are controlledby
signalsgeneratedby the recovery buffer. Also, thesesignals
areusedby the select logic to avoid selectingsomeinstruc-
tions due to the higher priority of the instructionsre-issued
from the recovery buffer.

To wake-upthe issue-queuedinstructionsdependenton the
re-issuedinstructions,therecovery buffer notifiesevery cycle
the destination registers of the re-issued instructions.

The re-issuelogic of the recovery buffer hasa lower com-
plexity than the issuelogic of the issuequeuebecausethe
formertakesadvantageof theschedulingperformedwhenthe
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Figure 7: Placement of the recovery buffer in the processor pipeline.
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instructionswerepreviously issued.This logic is describedin
the next section.
4.1. Recovery-Buffer organization
Therecovery buffer hasthreeinstructionstoragecomponents
(Figure9): pending-verification buffer, first-level buffer and
second-level buffer. The pending-verification buffer stores
latency-predictedinstructionsnot yet verified.The first-level
buffer storesissuedinstructionspotentiallydependenton the
instructionsstoredin thepending-verificationbuffer. Thesec-
ond-level buffer stores issued instructions dependenton
latency-mispredicted instructions.

The issuedinstruction waves are stored in the first-level
buffer andthey areremovedfrom it whenthey areoutsideall
the potential speculative windows. Then, the number of
cyclesthatan instructionwave remainsin this buffer is fixed
and equal to the verification delay minus one.

Whenan instructionwave leavesthefirst-level buffer, each
one of the instructionsis either moved to the second-level
buffer or discarded.Moreover, the latency-predictedinstruc-
tionsof thewave areeithermoved to thesecond-level buffer
or to the pending-verification buffer. These decisionsare
taken by consideringif the instructionsare included in the
speculative window of a mispredictedinstructionandif they
are dependent on a mispredicted instruction.

The numberof entriesof the pending-verificationbuffer is
equalto thedurationof theindependentwindow. Then,when
a latency-predictedinstructionleaves this buffer, its predic-
tion is verified.

Onamisprediction,therecovery buffer allocatesanentryin
a structurenamedmispredictionbuffer. This entry storesthe
destinationregister of the mispredictedinstruction and a
pointerto the first entry of the secondlevel buffer relatedto
the mispredicted instruction.

After that,during a numberof cyclesequalto the verifica-
tion delay minus one, the instruction waves that leave the
first-level buffer areanalysedlookingfor instructionsdepend-
ent on the mispredictedinstruction.The dependentinstruc-
tionsaremovedto anemptyentryof thesecond-level buffer,
andtheindependentinstructionsarediscarded.Concurrently,
execution pipelines are fed with ready instructions

For instance,in Figure3, instructiona is movedto pending-
verificationbuffer on cycle 4. If a is a latency-mispredicted
instruction, instructionse and g are moved to second-level
buffer on cycles 6 and 7.
Re-issue logic of the recovery buffer. The idea is to take
advantageof theschedulingperformedwhenthe instructions

werepreviously issued.There-issuelogic is basedon thefact
thattherecovery-buffer entriesaretime orderedandonly one
entryis analysedon a cycle.Then,there-issuelogic doesnot
need to account explicitly for instruction latencies. It is
enoughto accountfor thestatus(availability) of thephysical
registers.

The status of the physical registers can be maintained
locally becausethe recovery buffer analysesall issued
instructions.When an instruction is issued,its destination
register is marked as available in the recovery buffer. Also,
the recovery buffer is notified of the misprediction;then,the
statusof the destinationregistersof the nullified instruction
can be updated locally as not-available.

Figure10 shows the re-issuelogic of the recovery buffer.
We distinguishthreecomponents:two dependencematrices
(similar to thematrix describedin Section2.2) anda register
scoreboardcircuit without latency counters.A dependence
matrix is used by instruction waves leaving the first-level
buffer, and the other one is usedby instruction waves re-
issuedfrom second-level buffer. Thenumberof rows of both
dependencematricesis equal to the processorissuewidth.
Register-scoreboardcircuit controlscolumnsof bothdepend-
encematrices.A columnis setor unsetin bothmatricesat the
same time.

Some input signals of the register-scoreboardcircuit are
generatedby the first-level buffer to unsetcolumns.Other
inputs are generatedby the second-level buffer to set col-
umns.The remaininginputs are usedto set/unsetcolumns
relatedto thedestinationregisterof mispredictedinstructions.

Whenan instructionwave leavesthe first-level buffer, it is
scannedusingtheassociateddependencematrix. This matrix
hastwo functions:updatingthestatusof thedestinationregis-
tersof thewave and,afterdetectinga misprediction,discrim-
inating dependent from independent instructions.

Thedependencematrixassociatedto thesecond-level buffer
is usedwhentheresultof amispredictedinstructionis availa-
ble. This matrix hastwo functions:checkingthe availability
of thesourceregistersof aninstructionwaveandupdatingthe
statusof thedestinationregistersof there-issuedinstructions.

When a latency-predictedinstruction leaves the pending-
verificationbuffer, its predictionhasbeenverified.On a mis-
prediction,the register-scoreboardcircuit unsetsthe column
associated to its destination register.
First-level buffer. Whenaninstructionwave leavesthefirst-
level buffer, thecolumnsrelatedto thedestinationregistersof
thewave areset,andthewave is analysedin thedependence
matrix of thefirst-level buffer. We differentiatetwo cases.In
thefirst case,theinstructionwave is not includedin thespec-
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ulative window of a mispredictedinstruction.In this case,the
dependencematrix indicatesthat all sourceregistersof the
instructions are available.

In the secondcase,the instructionwave is includedin the
speculative window of a mispredictedinstruction.As thecol-
umnassociatedto thedestinationregisterof themispredicted
instructionhasbeenpreviously unset,thedependencematrix
discriminatesbetweeninstructionsdependentand independ-
ent on the mispredictedinstruction.Columnsassociatedto
the destinationregisters of the dependentinstructionsare
unset.By unsettingthe columns,the chain of instructions
dependenton the latency instructionis detectedon consecu-
tive cycles.

Moreover, the output of the dependencematrix is usedto
indicateto themove logic which instructionsof aninstruction
wave must be stored in the second-level buffer.
Second-level buffer. The dependencematrix associatedto
the second-level buffer is usedto re-issueinstructionswhen
theresultof amispredictedinstructionis available.Frommis-
predictionbuffer is obtainedapointerto asecond-level buffer
entryandthe identifierof thedestinationregisterof themis-
predictedinstruction.This registeridentifier is usedto setthe
associatedcolumn of the matrices. After that, from the
pointedentry, a fixed rangeof second-level buffer entriesis
scannedto re-issuethechainof dependentinstructions.Each
cycle is scanned a single second-level buffer entry.

Notethatonacyclecanbedetectedasmany mispredictions
as the number of latency-predictedinstructionssimultane-
ouslyissued.Also, anew mispredictioncanbedetectedwhile
other is being processed,that is, while moving dependent
instruction form first-level buffer to second-level buffer.
Then,in thescannedrangeof second-level buffer entriesmay
be storedinstructionsdependenton several mispredictions.
Moreover, datacanreturnfrom memoryhierarchy in anorder
different from misprediction-detection order.

Therole of thesecond-level-buffer dependencematrix is to
identify readyinstructionsin thescannedrangeof entries.For
this, in eachcycle is analysedan instruction wave. Ready
instructionsarere-issuedandthecolumnsassociatedto their
destination registers are set.
4.2. Recovery buffer with selective nullification
This mechanismnullifies only instructionsdependenton a
latency-mispredictedinstruction.First, we describethe man-
agementof thestoragecomponentsof therecoverybuffer and
their sizes.Second,we usean exampleto show the detail of
themechanism.Finally, we presentanoptimizationin there-
issue logic to avoid performance degradations.
Storage componentsof the Recovery Buffer. All storage
componentsarehandledusingthe FIFO policy. The instruc-
tionsremainin thefirst-level buffer andin thepending-verifi-
cationbuffer for a fixed numberof cycles.Instructionwaves
remainin thefirst-level buffer for anumberof cyclesequalto
the verification delay minus one.Latency-predictedinstruc-
tions remain in the pending-verification buffer a numberof
cyclesequalto the durationof the independentwindow. The
secondlevel buffer andmispredictionbuffer arehandledasa

circular queueand its storageis freed, after re-issuingthe
instruction, using a FIFO policy.

Each misprediction requires a number of second-level-
buffer entries equal to the verification delay minus one.

In theworstcase,whenthespeculative windows of themis-
predictionsdo not overlap,themaximumnumberof second-
level buffer entriesneededis equalto thenumberof pending
mispredictionssupportedby theprocessortimestheverifica-
tion delayminusone.Although second-level-buffer sizecan
be large, the accessesto this buffer canbe pipelinedwithout
performance degradation.
Example.Figure11 shows anexamplewherethespeculative
windowsof themispredictedinstructions(a andc) overlapby
two cycles; instructionsissuedon cycles 8 and 9 can be
dependent on both latency-predicted instructions.

On cycle 9, instruction a leaves the pending-verification
buffer and a mispredictionis detected.In this moment,the
instructionswavesstoredin the first-level buffer are(d), (e)
and(f). A misprediction-buffer entry is allocatedto storethe
destinationregister of the mispredictedinstruction and the
current tail pointer to the second-level buffer.

During a numberof cycles equal to the verification delay
minus one, a second-level-buffer entry is allocated every
cycle; alsoaninstructionwave is analysedevery cycle.Every
entrywill storethe instructionsof theanalysedwave thatare
dependent on the mispredicted instruction.

On cycle 10, instructiond is insertedin second-level buffer.
Oncycle11,themispredictionof instructionc is detectedand
a misprediction-buffer entry is allocated. Also, because
instructione is independenton the misprediction,a second-
level-buffer entry is left empty. On cycle 12, instructionf is
moved to second-level buffer; note that this instructionis in
the speculative windows of both mispredictedinstructions.
On cycles 13 and 15, second-level-buffer entries are kept
empty. On cycle 14, instructiong is moved.

Whenthe resultof the mispredictedinstructiona is availa-
ble (cycle n), instructiond will bereissued.On cycle n+1 no
instructionswill bere-issuedbecausetherelatedsecond-level
buffer entry is empty. On cycle n+2, instruction f is not re-
issuedbecauseit mustwait until theavailability of the result
of the mispredicted instructionc.

issued
instructs.
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e IQ R exe w
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no-issue IQ

g IQ R null
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Figure 11: Recovery buffer with selective nullifica-
tion. Load instructions a and c are latency-mispre-
dicted instructions.
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4.2.1. Re-issue optimization
In somecases,whentheresultof amispredictedinstructionis
available the first entriesof the scannedrangeof second-
level-buffer entriesareempty. Onecaseis producedwhenthe
speculative windows of several latency-mispredictedinstruc-
tions overlap (note that instruction-issueis stalled when a
mispredictionis detected).Anothercaseis producedwhenno
instructiondependenton thelatency-mispredictedinstruction
has been issued on the first cycles of its speculative window.

The cycles used to scan the first empty entries are not
neededfor a properschedulingof thenext not emptyentries;
consequently, thesecycles constitutea delay. This situation
canbecritical if thelatency of theinstructionsto bere-issued
is long (for instance, floating-point operations).

Figure12 shows anexamplewhereon theoverlappedcycle
betweentwo speculative windows (cycle 9) no instructions
areissueddueto themispredictedinstructiona. Moreover, on
cycle 10, no instructionsare issueddue to the mispredicted
instructionb. Thesecyclesarethefirst cyclesof thespecula-
tive window of instructiond.

In the second-level buffer, the relevant entry rangesstores
thefollowing instructionwaves:{( h), (e), (f), (-), (-) and(g)}.
When data of mispredictedinstruction d is available, the
entryrange{( -), (-), (g)} is scannedto re-issuethedependent
instructions.Consequently, no instructionswill be re-issued
from second-level buffer on the first andthe secondcycle of
the scanning process.

In ordernot to delaythe re-issueof instructions,the cache
controller can notify to the second-level buffer dataarrival
several cycles in advance.Then, re-issue-logiccan skip the
first empty entries of the entry range.
4.3. Recovery buffer with non-selective nullification
This mechanismnullifies all theinstructionsissuedinsidethe
speculative window of a latency-predictedinstructionwhena
misprediction is detected.The nullified instructions inde-
pendenton the mispredictionare re-issuedwithout delay
from the first-level buffer. Concurrently, the dependent
instructions are moved to the second-level buffer.

An exampleis shown Figure13. The latency predictionof

instruction a is verified on cycle 5. A misprediction is
detectedandthe instructionwaves(e, f) and(g, h) arenulli-
fied. On cycle 6, the instructionwave (e, f) is analysedin the
dependencematrix associatedto first-level buffer; after that,
instruction e is recorded in the second-level buffer and
instruction f is re-issuedfrom the first-level buffer. Analo-
gously, on cycle 7, the dependentinstructiong is moved to
the next entry of the second-level buffer andinstructionh is
re-issued.Concurrently, someinstructionsareissuedfrom the
issue queue (j  andk on cycles 6 and 7).

4.4. Effect of wrong-path instructions on recovery-
buffer structur es
Whenabranchmispredictionis detected,wrong-pathinstruc-
tionsaresquashedandtheir physicaldestinationregistersare
freed.Age identifiersareusedto detectthe instructionsto be
squashed,andshadow maptablesareusedto re-establishthe
mapping from architectural to physical registers.

Recovery-buffer structuresalso require attention when a
branchmispredictionis detected.Thelocalstatusof thephys-
ical registersmust be repairedand the wrong-pathinstruc-
tions stored in these structuresmust be squashed.These
actionsare not performedimmediately, they are performed
concurrentlywith theregularoperationof therecoverybuffer.

In recovery buffer, an age identifier is stored with each
instruction2. Also, a new recovery-buffer structure (the
squashed-rangebuffer) holds the rangeof ageidentifiersof
the squashedinstructions.An entry of this structureis freed
whentheageidentifierof a committedinstructionis younger
than the youngest limit of the range.

Regular operationsof the recovery buffer that analyse
instructionwavesare:a) whenaninstructionwave leavesthe
first-level buffer andb) whenaninstructionis re-issuedfrom
the second-level buffer. In both cases,the local statusof the
physical registersis updated.To squashwrong-pathinstruc-
tions, the age identifiers of the analysedinstructions are
checked with entriesof the squashed-rangebuffer. If the age
identifier is includedin an squashedrange,the instructionis
squashedandneitherrecordedin second-level buffer nor re-
issued.

When a mispredictedinstructionmust be squashed,previ-
ous regular operationssquashneither it nor its dependent
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f IQ R exe null

no-issue IQ
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g IQ R null
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Figure 12: Recovery buffer with selective nullification.
Example that shows the re-issue optimization. Loads a,
b and d are latency-mispredicted instructions. On the
first cycles of the speculative window of instruction d, no
instructions are issued.
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2. This identifier can be the processorage identifier, or the recovery
buffer can build a local age identifier from the processor age identified.
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Figure 13: Recovery buffer with non-selective nulli-
fication. Load a is a latency-mispredicted instruc-
tion. IQ/RB stands for cycles where instructions are
issued from the issue queue and re-issued from the
recovery buffer.
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instructions(all of them are wrong-pathinstructions).This
caseis managedby the freeingalgorithmof thesecond-level
buffer. As this buffer and the mispredictionbuffer areman-
agedascircularqueues,theageidentifierof the latency-mis-
predicted instructions will achieve the head entry of the
mispredictionbuffer. Then, the age identifier of the head
entry is comparedwith the squashed-range-buffer entries.If
theageidentifieris includedin ansquashedrange,therelated
instruction is squashed.

The local statusof the physical registersfreedby squashed
instructionsis repairedin time by thealgorithmdescribedin
Section4.1; this algorithmupdatesthelocal statusof aphysi-
cal registerwhenits producerinstructionleavesthefirst-level
buffer. Thefreedphysicalregistersareassignedto a producer
instructionin thenew path,andyoungerinstructionsuseit as
a sourceregister. When the producerinstruction leaves the
first-level buffer, before its consumerinstructions,the local
statusof theregisteris repaired.Beforethis time, no instruc-
tion needs to check the local status of this register.

5. Evaluation
5.1. Simulation environment
Our evaluationsusedacycle-by-cyclesimulatorderivedfrom
SimpleScalar3.0 tool set (Alpha ISA) [2]. The simulated
processorhad a separatereorderbuffer, two issuequeues,
physical registerfiles like Alpha 21264processor. Also, the
issuewidth is four integer instructionsandtwo floating-point
instructions,the issuepolicy alwaysselectsthe oldestready
instructions for execution, and there is a pipeline stage,
betweenissuequeueandthefunctionalunits,devotedto read-
ing registers(like Figure4). Table1 summarizesthebaseline
processor.

In currentprocessors,theinteger issuequeuetypically does
not exceed 20 entries. For instance,20 entries in Alpha
21264,18 entriesin AMD Athlon and20 entriesin Intel P6.
Also, thenumberof in-flight instructions(reorder-buffer size)
is typically 2 to 4 timesbigger. In this paper, the issue-queue
sizesof the baselineprocessormodel are 20-entry integer
issue queue, and 15-entry floating-point issue queue.

The evaluations varied the following parameters:issue-
queuesizes,verificationdelayandfirst-level cachesize.The
verificationdelaywasdefinedin Section2 asthedurationof
the speculative window; we evaluate2-cycle, 3-cycle and4-
cycle verification delays. We presentresults only for 64-
Kbyte first-level caches,but we have alsoperformedevalua-
tions using 32-Kbyte first-level cachesand the behaviour is
qualitatively similar.
5.2. Benchmark description

To perform our evaluationswe collected results for the
SPEC95benchmarks.Programswerecompiledon an Alpha
21164processorusingthe full optimizationsprovidedby the
native compiler.

Eachbenchmarkwasexecutedusingthe referencedataset
(cp-delcl.iinput file wasselectedfor gccbenchmark),but our
simulatorsfocusedon an interval of theexecution.They dis-
cardedtheinitial partof theexecutionof thebenchmarksand
then starteda detailedsimulation for a limited numberof
committedinstructions.To decidetheamountof instructions
to bediscardedandto besimulated,weperformedananalysis
ontemporalbehaviour. Table2 showstheinterval selectedfor
each benchmark.

5.3. Results
We presenttheresultsof the integerbenchmarksseparately

from theresultsof thefloating-pointbenchmarksbecausethe
behaviour of therecovery-buffer mechanismsdependson the
computational latency of the instructions.

In figuresareusedthe following acronyms for identifying
the evaluatedmechanisms:a) IQNS: keeping in the Issue
Queuewith No Selective nullification,b) IQS: keepingin the
IssueQueuewith Selective nullification, c) RBNS:Recovery
Buffer with No Selective nullification,andd) RBS:Recovery
Buffer with Selective nullification.

5.3.1. Integer benchmarks
In all theevaluationsperformedin thissectionweuseda10-

entry floating-point issue queueand the following integer
issue-queuesizes:15, 20 and25 entries.First, thesensitivity
of the evaluated mechanismsto the verification delay is
showed.In Figure14,eachgraphis relatedto anissue-queue
size,the horizontalaxis standsfor the verificationdelayand
the vertical axis for the harmonicmeanof the IPC's of the
integer benchmarks.

The sensitivity to the verificationdelayof RBNS andRBS
remainssmallwhentheverificationdelayor the issue-queue

Table 1: Baseline processor model.

Issue Queues 20-entry integer issue queue/ 15-entry FP issue queue

Reorder Buffer 128 entries

Load-Store queue 64 entries

Instruction Fetch up to 4 consecutive instructions per cycle

Decode width up to 4 instructions per cycle

Issue width up to 4 integer instructs., up to 2 FP instructs.

Commit width up to 4 instructions per cycle

Functional
Units

-4 Integer ALU's, 1-cycle latency
-1 Integer Mult/Div, 3/20-cycle, fully pipelined/not pip.
-1 FP Adder, 4-cycle, fully pipelined
-1 FPMult/Div, 4/12-cycle, fully pipelined/not pip
-2 memory acesses (any combination of loads and stores)

Branch
Prediction

Hybrid predictor: local(215 entries)
+ gshare(15 bits) + selector
Speculatively updated in decode stage
1024-entry, 4 way BTB

First-Level Cache Separated caches, Direct mapped, 2-cycle latency

Second-Level Cache Unified, 1 Megabyte, Direct-mapped, 12-cycle latency

Main Memory 80-cycle latency

Table 2: Simulation intervals for SPEC95 programs (millions of
instructions discarded / millions of committed instructions simu-

lated) and miss rate in a direct-mapped 64K first-level data cache.

SPEC INT SPEC FP
Benchmark Interval %miss Benchmark Interval %miss

go 4000/1000 1.9 tomcatv 1500/500 18.6
m88ksim 1000/1000 0.7 swim 500/500 6.1

gcc 0/finish 2.2 hydro2d 500/500 15.0
compress 4500/2500 12.5 mgrid 0/500 4.0

li 2500/1000 3.3 applu 500/500 7.1
ijpeg 1000/1000 0.6 turb3d 0/500 4.1
perl 1000/1000 0.5 fpppp 0/500 0.2

vortex 1000/7000 3.0 wave5 1500/500 7.5



sizeincreases.Also, performancedifferencesbetweenRBNS
andRBS aresmall (lessthan1.3%).As the instructionsare
removed from the issuequeueafter issuingthem,the differ-
encesarise becauseRBNS re-issuesnullified instructions
independent on the mispredicted instructions.

However, the sensitivity to the verification delay of IQNS
andIQS is very significantfor the 15-entryissuequeue,and
decreasesastheissue-queuesizeincreases.This resultshows
that keepingall instructionsin the issuequeuea numberof
cyclesequalto theverificationdelay(IQNS) canreducesig-
nificantly the performance.

IQS retainsin issuequeueonly instructionsdependenton
the latency-predicted instructions but its performanceis
smaller than the performanceof RBNS, althoughboth are
closein a 25-entryissue-queue.The recovery buffer allows
freeing the issue-queueentriesof someof the instructions
dependenton the mispredicted instructions. These freed
entriescan be assignedto new instructions,increasingthe
look-aheadcapacityof the instructionscheduler. Moreover,
this capacity overcomesthe lost issue slots for re-issuing
independent instructions.

The capacity of the recovery buffer to free issue-queue
entriesallows the use of a smaller issuequeue.Figure15
showsalmostthesameinformationthanFigure14but group-
ing data by verification delay, and putting the issue-queue
sizein the horizontalaxis. In all cases,RBNS andRBS can
obtainthesameperformancethanIQNS andIQS, but with a
reduction of the issue-queue size around 20% to 25%3.

Theimplementationof theselectivenullification in theissue
queuemay be critical with intensive one-cycle operations.
Comparingnon-selective mechanisms,the longer the verifi-
cationdelay, the larger the issue-queuesizecanbe reduced.
Then, RBNS is an attractive solution.

5.3.2. Floating-point benchmarks
In all theevaluationsperformedin thissectionweuseda20-

entry integer issue queueand the following floating-point
issue-queue sizes: 10, 15 and 20 entries.

Floating-pointbenchmarksshow (Figure16 andFigure17),
in theevaluatedmechanisms,a differentbehaviour thaninte-
ger benchmarks.Non-selective mechanismsare sensitive to
the verification delay while selective mechanismsdo not.
This factproducesthatIQS performanceis betterthanRBNS
performance when issue-queue size increases.

The best(RBS) andthe worst (IQNS) mechanismsarethe
samefor both classesof benchmarks.Also, RBS is almost
insensitive to theverificationdelaywhile IQNS is very sensi-
tive to it.

Thebehaviour of thefloating-pointbenchmarksis relatedto
the computationallatency of the floating-point instructions;
four-cycle latency for FPadderandFPmultiplierareused,and
the evaluated verification delays range from two to four
cycles. Theselatenciesforbid the existenceof a chain of
dependentinstructionslargerthanoneinstructionin thespec-
ulative window of a FPloadinstruction.Therefore,only the
first data-flow level dependenton a FPloadis includedin its
speculative window. Otherdata-flow levelsareheld in issue-
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3. This reductionis significantbecausethedelayof theissuelogic of the
issuequeuedependsquadraticallyon theproductof theinstruction-issue
width and the instruction-window size [13].
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queueentriesand the schedulercannot look-aheadbecause
the issuequeueis full. Then, the capacityof the recovery
buffer to store dependent instructions is slightly used.

Also, thevalueretrievedby a loadinstructionis usedby few
instructions,that is, its fan-outis small.Then,in a non-selec-
tive mechanism,a large numberof the independentinstruc-
tions4 are often re-issued.As the latency of the re-issued
instructionsis long in floating-pointbenchmarks,the execu-
tion of the chain of dependentinstructionsis significantly
delayed, and potential ILP is lost.

The implementationof selective mechanismsfor integer-
benchmarkscanbecritical becausethe latency of mostALU
operations is one cycle. However, as the computational
latency of theFPoperationsis longer, the implementationof
selective mechanisms for them is less critical.

6. Conclusions
This paper addressesrecovery mechanismsto deal with
latency-predictedinstructions;it comparesthe performance
of aconventionalmechanismthatkeepsissuedinstructionsin
the issuequeueversusa mechanismthatstorestheseinstruc-
tions in a recovery buffer apartfrom theissuequeue.Also, it
comparesselective versusnon-selective instructionnullifica-
tions on mispredictions.

Wedesignedarecovery-buffer mechanismandweevaluated
it in the context of load-latency prediction.Our resultsshow
that, under the samenullification conditions,the recovery-
buffer mechanismoutperformsthemechanismthatretainsthe
instructionsin the issuequeueand,moreover, it is lesssensi-
tive to the verification delay of the predictions.For integer
benchmarks,the mechanismallows a reductionin the issue-
queuesize around 20-25% without performancedecrease.
Therecovery-buffer mechanismallows the issue-queuelogic
to free entries and to insert new instructionsin the issue
queue;therefore,it increasesthecapacityof theschedulerto

look-ahead for independent instructions.
Also, we show that for issuequeuesthat feed functional

units with intensive one-cycle latency operations,the simple
recovery-buffer mechanismwith non-selective nullification is
anattractivesolution.On theotherhand,for issuequeuesthat
feedfunctionalunitswherethelatency of mostinstructionsis
long, theuseof selectivenullification is preferable.Notethat,
in this case,selective nullification is not critical due to the
long latency of the operations.

Furtherwork is neededto evaluatethe useof the recovery-
buffer mechanismin otherkindsof predictionscenarios,such
asaddresspredictionandvalueprediction.Also, weareinter-
estedin studyinghow therecovery-buffer mechanismcanbe
integratedinto mechanismsthatperforma dynamicdata-flow
pre-scheduling[11] or thatuseanissuequeuefor accounting
latency mispredictionsor for waiting the resultof unknown-
latency instructions [3].
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4. Usinga 15-entryfloating-pointissuequeueanda 4-cycle verification
delay, 85%of thenullified instructionson floating-pointbenchmarksare
independenton the mispredictedinstructions.In integer benchmarks,
usinga 20-entryintegerissue-queueanda 4-cycle verificationdelay, this
percentage drops to 53%.
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Figure 17: Harmonic mean of
the IPC's obtained in the
SPEC-FP benchmarks. Each
graph is related to a verifica-
tion delay. Vertical axis stands
for the IPC, horizontal axis
stands for the floating-point
issue-queue size.


