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Abstract

Dependenceamongloads and storeswhoseaddresses
are unknownhinderthe extraction of instructionlevel par-
allelismduring theexecutionof a sequentiaprogram. Sud
ambiguousnemorydependencesanbe overcomeby mem-
ory dependencspeculationwvhich enablesa load or store
to be speculativelyexecutedefore theaddresseof all pre-
cedingloads and stores are known. Furthermoe, multi-
ple speculativestores to a memorylocation create mul-
tiple speculativeversions of the location. Program or-
der amongthe speculativeversions must be tracked to
maintainsequentiakemantics.A previously proposedap-
proad, the AddressResolutionBuffer(ARB) usesa cen-
tralized buffer to supportspeculativeversions. Our pro-
posal,calledthe Speculativé/ersioningCace(SVC)uses
distributed cachesto eliminatethe latencyand bandwidth
problemsof the ARB.The SVCconceptuallyunifiescache
coheenceand speculativeversioning by using an orga-
nization similar to snoopingbus-basedcoheent cades.
A preliminary evaluation for the Multiscalar architectue
showsthat hit latencyis an importantfactor affectingper-
formance and private cache solutionstrade-of hit ratefor
hit latency

1. Intr oduction

Modernmicroprocessorextractinstructionlevel paral-
lelism (ILP) from sequentiaprogramsby issuinginstruc-
tionsfrom anactie instructionwindow. Datadependences
amonginstructionsandnotthe original programorder, de-
terminewhenan instructionmay be issuedfrom the win-
dow. Dependenceisivolving registerdataaredetectedcas-
ily becauseregister designatorsare completely specified
within instructions However, dependencesavolving mem-
ory data(e.g. betweeraload anda storeor two stores)are
ambiguousuntil thememoryaddressearecomputed.

A straightforvardsolutionto the problemof ambiguous
memorydependencess to issueloadsand storesonly af-
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ter their addresseare determined.Furthermorea storeis
not allowed to completeand commitits resultto memory
until all precedingnstructionsareknown to be free of ex-
ceptions. Eachsuchstoreto a memorylocation createsa
speculativerersion of thatlocation. Thesespeculatie ver-
sionsareheldin buffersuntil they canbe committed.Mul-
tiple speculatie storesto the samelocationcreatemultiple
versionsof the location. To improve performanceoads
are allowed to bypassbuffered stores,aslong asthey are
to differentaddresseslf aloadis to the sameaddressasa
bufferedstore,it canusedatabypassedrom thestorewhen
thedatabecomesvailable. An importantconstrainiof this
approachs thataloadinstructioncannotbeissueduntil the
addressesf all the precedingstoresare determined.This
approachmaydiminishILP unnecessarilyespeciallyin the
commoncasewheretheloadis notdependenbn preceding
stores.

More aggressie uniprocessorimplementationsissue
loadinstructionsassoonastheiraddresseareknown, even
if the addressesf all previous storesmay not be known.
Theseimplementationg€mploy memorydependencspec-
ulation[8] andpredictthataloaddoesnot depencdbn previ-
ousstores.Furthermorepnecanalsoervisionissuingand
computingstoreaddressesut of order Suchmemoryde-
pendencespeculatiorenablesigherlevelsof ILP, but more
adwancedmechanismare neededo supportthis specula-
tion. Theseaggressie uniprocessorslispatchinstructions
from a single instructionstream,and issueload and store
instructionsfrom a commonsetof hardware buffers (e.g.
resenationstations).Usinga commonsetof buffersallows
the hardware to maintainprogramorder of the loadsand
storesvia simplequeuemechanisms;oupledwith address
comparisonlogic. The presenceof suchqueuesprovides
supportfor a simpleform of speculativeversioning

However, proposednext generationprocessordesigns
usereplicatedprocessingunits that dispatchand/orissue
instructionsin a distributed manner Thesefuture ap-
proachegartition the instructionstreaminto sub streams
called tasks[11] or traces[10]. Higher level instruction
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control units distribute the tasksto the processorgor ex-

ecutionand, the processorgxecutethe instructionswithin

eachtaskleadingto a hierarchicalexecutionmodel. Pro-
posednext generatiommultiprocessor$9, 12] that provide
hardwaresupportfor dependencspeculatioralsousesuch
executionmodels.A hierarchicakxecutionmodelnaturally
leadsto memoryaddresstreamswith asimilarhierarchical
structure. In particular eachindividual task generatests

own addressstream,which can be properly ordered(dis-

ambiguated)wvithin the processothat generatest, and at

the higherlevel, the multiple addresstreamsproducedby

the processorsnustalso be properly ordered. It is more
challengingto supportspeculatie versioningfor this exe-

cutionmodelthana superscalaexecutionmodelbecause
processoexecutedoadsandstoreswithout knowing those
executedby otherprocessors.

TheAddressResolutiorBuffer[3] (ARB) providesspec-
ulative versioningsupportfor suchhierarchicalexecution
models. Eachentry in the ARB buffersall versionsof the
samememorylocation. However, therearetwo significant
performancdimitationsof the ARB:

1. TheARB is asingleshareduffer connectedo themulti-
ple processorandhence gvery loadandstoreincursthe
lateng of the interconnectiometwork. Also, the ARB

hasto provide sufficientbandwidthfor all the processors.

2. Whenataskcompletesll its instructionsthe ARB com-
mits its speculatie stateinto the architectedstorage(or
copiesall the versionscreatedby this task to the data
cache).Suchwrite backsgeneratdursty traffic andcan
increasehe time to commita task,which delaysthe is-
sueof new taskto that processoandlowersthe overall
performance.

We proposea new solution for speculatre versioning
calledthe Speculatie VersioningCache[5, 2] (SVC), for
hierarchicalexecutionmodels. The SVC comprisesa pri-
vatecachefor eachprocessqgrandthe systemis organized
similar to a snoopingbus-basedachecoherentSymmetric
Multiprocessor(SMP). Memory referenceghat hit in the
privatecachedo not usethe busasin an SMP. Taskcom-
mits do not write backspeculatre versionsenmasseEach
cacheline is individually handledwhenit is accessedhe
next time.

Section?2 introducesthe hierarchicalexecution model
briefly and identifies the issuesin providing supportfor
speculatreversioningfor suchexecutionmodels.Section3
presentshe SVC asa progressiorof designgo easeunder
standing. Section4 givesa preliminary performancesval-
uationof the SVC to highlight the importanceof a private
cachesolutionfor speculatre versioning. We derive con-
clusionsin sectionb.

2. Speculatve versioning

First,we discusgheissuesnvolvedin providing support
for speculatre versioningor currentgeneratiorprocessors.
Secondwe describethe hierarchicakexecutionmodelused
by the proposecdhext generatiorprocessorsThird, we dis-
cusstheissuesdn providing supportfor speculatie version-
ing for this executionmodelanduseexamplesto illustrate
them.Finally, we presensimilaritiesbetweemultiproces-
sor cachecoherenceand speculatie versioningfor the hi-
erarchicakxecutionmodelandusethis unificationto moti-
vateour new designthe speculatre versioningcache.

Speculatie versioninginvolvestrackingthe programor-
der amongthe multiple buffered versionsof a locationto
guaranteehefollowing sequentiaprogramsemantics:

¢ A loadmusteventuallyreadthevaluecreatedy themost
recentstoreto the samelocation. This requiresthat (i)
theload mustbe squashe@ndre-executedf it executes
beforethestoreandincorrectlyreadghepreviousversion
and, (ii) all stores(to the samelocation)thatfollow the
loadin programordermustbe buffereduntil the loadis
executed.

e A memorylocationmusteventuallyhave the correctver-
sionindependenbf the orderof the creationof the ver
sions. Consequentlythe speculatie versionsof a loca-
tion mustbe committedto the architectedstoragen pro-
gramorder

2.1 Hierar chical executionmodel

In this executionmodel,the dynamicinstructionstream
of a programis partitionedinto fragmentscalled tasks
Thesetasksform a sequenceorrespondingo their order
in the dynamicinstructionstream. A higherlevel control
unit predictsthe next taskin the sequencend assignsit
for executionto a free processar Eachprocessoexecutes
the instructionsin the task assignedo it and buffers the
speculatre statecreatedby the task. The WisconsinMul-
tiscalar[11] is anexamplearchitecturghatusesthe hierar
chicalexecutionmodel.

When a task mispredictionis detectedthe speculatre
stateof all the tasksin the sequencencluding and after
theincorrectlypredictedaskareinvalidated andthecorre-
spondingprocessorarefreed. Thisis calledatasksquash
Thecorrecttasksin thesequencarethenassignedor exe-
cution. Whena taskpredictionhasbeenvalidated,it com-
mits by copying the speculatie bufferedstateto the archi-
tectedstorage . Taskscommitoneby onein the orderof the
sequenceOnceataskcommits,its processois freeto ex-
ecutea new task. Sincethetaskscommitin programorder,
tasksareassignedo the processor programorder

1An alternatie model for recovery invalidatesonly the dependent
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Figure 1: Task commits and squashes: example.

Figurel illustratestaskcommitsandtasksquashesni-
tially, tasks0, 1, 99 and 3 are predictedand speculatrely
executedin parallel by the four processorsas shavn in
Figure 1(a). Whenthe mispredictionof task99 is detected,
tasks99 and 3 are squashedind their buffered statesare
invalidated. New tasks2 and 3 arethen executedby the
processorasshaw in Figure 1(b). Tasksthatarecurrently
executingaresaidto beactive Whentask0 completesxe-
cution,thecorrespondingrocessois freedandtask4 is as-
signedfor executionasshavnin Figurel(c). Theprogram
order representedy the sequenceamongthe tasks,en-
forcesanimplicit total orderamongthe processorsthe ar-
rows show this order Whenthetasksarespeculatrely exe-
cutedin parallel,themultiple speculatie load/storestreams
from the processorsire mergedin arbitraryorder Provid-
ing supportfor speculatre versioningfor suchexecution
modelsrequiresmechanismshat establishprogramorder
amongthesestreams. The following subsectionsutline
how the orderis establishedisingthe sequencemongthe
tasks.

2.1.1.Loads A taskexecutesaloadassoonasits address
is available, speculatinghat storesfrom previous tasksin
the sequencelo not write to the samelocation. Theclosest
previousversionof thelocationis suppliedto theload;this
versioncould have beencreateckeitherby the sametaskor
by a previoustask. A loadthatis suppliedaversionfrom a
previoustaskis recordedo indicatea usebeforea potential
definition. If sucha definition (a storeto the samelocation
from a previoustask)occurs the loadwassuppliedwith an
incorrectversionandmemorydependenceasviolated.

2.1.2.Stores Whena taskexecutesa storeto a memory
location, it is communicatedo all later active tasksin the
sequence Whenataskrecevesanew versionof alocation
from a previoustask, it squashe# a usebeforedefinition
is recordedor thatlocation— a memorydependencgio-

lationis detected All tasksafterthe squashediskarealso
squashedsonataskmispredictionsimplesquashmodel).

2.1.3.Taskcommitsand squashes Theoldestactivetask
is non-speculatie and can commit its speculatre mem-
ory state(versionscreatedby storesfrom this task)to ar-

chainsof instructionsby maintaininginformation at a finer granularity
This paperassumesghe simplermodel.

2|n reality, thestorehasto becommunicate@nly until thetaskthathas
createdhenext version,if ary, of thelocation.

chitectedstorage.Committinga versioninvolveslogically
copying the versionsfrom the speculatie buffersto the ar-
chitectedstorage(datacache). As we assumehe simple
task squashmodel, the speculatie stateassociatedvith a
taskis invalidatedwhenit is squashed.

2.2 Examplesfor speculative versioning

Figure2 illustratesheissuesnvolvedin speculatie ver
sioningusingan exampleprogramanda sampleexecution
of theprogramon afour processohierarchicakystem.We
usethe sameexamplein the later sectionsto explain the
SVCdesign. Figure2(a)shavstheloadsandstoresin the
exampleprogramandthe task partitioning. Otherinstruc-
tions are not of directrelevancehere. Figure 2(b) shavs
two snapshotef the memorysystemduringa sampleexe-
cutionof the program.Eachsnapshotontainsfour boxes,
onefor eachactive taskandshownstheloador storethathas
beenexecutedby the correspondingask. The programor-
deramongthe instructionstranslatego a sequenceamong
thetaskswhichimposesatotal orderamongtheprocessors
executingthem; solid arrovheadsshav the programorder
andhollow arrovheadshav the executiontime orderin all
theexamples.

Task # Y
= - 2
o 1 st1,A stlL A
: ok CITIRg
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(a) Example Program (b) Sample Execution

Figure 2: Speculative versioning example.

The first snapshois taken just beforetask 1 executes
a storeto addressA. Tasks0 and 3 have alreadystored
0 and3 to A andtask2 hasexecuteda loadto 4. The
load is suppliedthe versioncreatedand buffered by task
0. But, accordingto the original program,this load must
be suppliedthe value 1 createdby the storefrom task1,
i.e., the storeto load dependencéasbeenviolated. This
violation is detectedwvhentask 1 storesto address4 and
all thetasksincludingandaftertask2 aresquashe@ndre-
executed.The secondsnapshois takenafterthetaskshave
beensquashedndre-started.

2.3 Coherenceand speculative versioning

The actions performedon memory accessesnd task
commitsand squashesre summarizedn Tablel. The
functionalityin this tablerequireshe hardwareto trackthe
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active tasksor processorthatexecuteda load/storeo a lo-
cationandthe orderamongthe differentcopies/ersionsof
this location. CachecoherentSymmetricMultiProcessors
(SMP)usesimilarfunctionalityto trackthecacheshathave
acopy of everymemorylocation. SMPs,however, neednot
trackthe orderamongthesecopiessinceall the copiesare
of asingleversion.

| Event | Actions |
Load Recordusebeforedefinitionby thetask;
supplytheclosestpreviousversion.
Store Communicatestoreto latertasks;ater
taskslook for memorydependenceiolations.
Commit | Write backbufferedversionscreated
by thetaskto mainmemory
Squash | Invalidatebufferedversionscreated
by thetask.

Table 1: Versioning: events and actions.

SMPstypically usesnooping[4] to implementa Multi-
ple Reader/Singl&Vriter protocol,which usesa coherence
directorythatis acollectionof setseachof whichtracksthe
sharersof aline. In a snoopingbus basedSMP, the direc-
tory is typically implementedn a distributedfashioncom-
prising statebits associatedvith eachcacheline. On the
other hand, the Speculatre VersioningCache(SVC) im-
plementsa Multiple Reader/MultipleWriter protocol that
trackscopiesof multiple speculatie versionsof eachmem-
ory location. This protocol usesa versiondirectory that
maintainsordered setsfor eachline, eachof which tracks
the programorderamongthe multiple speculatie versions
of aline. This orderedsetor list, calledthe VersionOr-
dering List (VOL), canbe implementedn several differ-
entways— the SVC, proposedn this paper usesexplicit
pointersin eachline to implementit asa linkedlist (likein
SCI[1]). Thefollowing sectionselaborateon a designthat
usespointersin eachcachdine to maintainthe VOL.

The private cacheorganizationof the SVC makes it
a feasible memory systemfor proposednext generation
single chip multiprocessorghat execute sequentialpro-
gramson tightly coupledprocessorsisingautomaticpar
allelization [9, 12]. Previously, ambiguousmemory de-
pendencetimited the rangeof programschosenfor auto-
matic parallelization.The SVC provideshardwaresupport
to overcomeambiguousmemorydependenceandenables
moreaggressie automatigoarallelizatiorof sequentiapro-
grams.

3. SVC design

In this section,we presentthe Speculatie Versioning
Cache(SVC) as a progressionof designsto easeunder
standing. Eachdesignimprovesthe performanceover the

previousoneby trackingmoreinformation. We begin with
a brief review of snoopingbus-basedachecoherenceand
thenpresentbaseSVC designwhich providessupportfor
speculatre versioningwith minimal modificationsto the
cachecoherencescheme. We then highlight the perfor
mancebottlenecksin the basedesignand introduceopti-
mizationsoneby onein therestof thedesigns.

3.1 Snoopingbus basedcachecoherence

Figure 3 shavs a 4-processorSMP with private L1
cacheghatusesa snoopingbusto keepthe cachesonsis-
tent. Eachcacheline comprisesan addresgagthatidenti-
fiesthe datathatis cachedthe datathatis cachedandtwo
bits (valid andstore)representinghe stateof theline. The
valid (V) bit is setif theline is valid. The store(S) or dirty
bit is setwhena processostorego theline.

OEOEE

$ $ $ $

Next level

‘ memory

Snooping Bus

‘ Bus Arbiter

[Tag [ v [ s [ pata |

V: Valid S: Store or dirty

Figure 3: SMP coherent cache.

A cachédine is in oneof threestates:Invalid, Cleanand
Dirty. A request(load or store)from a processoto its L1
cachehitsif avalid line with therequestedagis in anap-
propriatestate;otherwisejt missesCachemissedssuebus
requestsvhile cachehits do not. More specifically a load
from a cleanor dirty line anda storeto adirty line resultin
cachehits. Otherwise theload(store)missesandthe cache
issuesa BusRea(BusWrit§ request. The L1 cachesand
the next level memorysnoopthe bus on every request. If
acachehasa valid line with therequestedag, it issuesan
appropriateesponseaccordingto a coheenceprotocol A
storeto a cleanline missesandthe cacheissuesa BusWrite
request. An invalidation-based¢oherencerotocol invali-
datescopiesof this line in all othercachesif arny. This
protocol allows a dirty line to be presentin only one of
the caches.However, a cleanline canbe presentin mul-
tiple cachessimultaneously The cachewith the dirty line
suppliesthe dataon a BusReadequest.A cacheissuesa
BusWhbak requesto castout a dirty line onareplacement.
This simple protocolcan be extendedby addingan exclu-
sivebit to the stateof eachline to cut down traffic on the
sharedbus. If a cacheline hasthe exclusive bit set,thenit
hasthe only valid copy of theline andcanperforma store
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to thatline locally. The SVC designsve discussn thefol-
lowing sectionsalsouseaninvalidation-basegrotocol.

W..Z: Caches

C_T]
X BusRead X
sTolw [ T)—p = CTw v 1]
stl, A
L T] (v ]o]
Idr. A BusWrite JZ Invalidate
X BusWhback X
L [ Jw_ yv[ [ J<——+—[ [ Jw_vy[vs]1]
Z Flush
:I:l :DReplace

Figure 4: Cache coherence example.

Figure 4 shavs snapshotef the cachelineswith tagor
address4 in an SMP with four processorsiy, X, Y, and
Z. The stateof the cacheline is shavn in a box corre-
spondingto that cache. An emptybox correspondingo a
cacherepresentshat the line is not presentin that cache.
Thefirst snapshois takenbeforeprocessor’ issuesaload
from A andmissedn its privatecache.The cacheissuesa
BusReadequestindcacheX supplieghedataonthebus.
Thesecondsnapshoshaows thefinal stateof thelines; they
areclean. Later, processoly” issuesa BusWriterequesto
performastoreto A. Thecleancopiesin cachesX andZ
areinvalidatedandthethird snapshoshavs thefinal state.
Now, if cacheY choosedo replacethis line, it castsout
theline to memoryby issuinga BusWhbak requestithe fi-
nalstateis shavn in thefourth snapshotonly the next level
memorycontainsavalid copy of theline.

3.2 BaseSVC design

The organizationof the private L1 cachesin the SVC
designis shovn in Figure5; all the SVC designsusethe
sameorganization.The basedesignminimally modifiesthe
memorysystemof the snoopingbus-baseaachecoherent
SMPto supportspeculatie versioningfor processorbased
onthehierarchicakxecutionmodel. We assumehatmem-
ory dependencesmongloadsandstoresexecutecby anin-
dividual processoareensuredy a corventionalload-store
gueue;our designguaranteeprogramorderamongloads
andstoresfrom differentprocessorsThe basedesignalso
assumeshatthe cachdine sizeis oneword; a later design
relaxesthis assumption.First, we introducethe modifica-
tionsto the SMP coherentacheandthendiscusshow the
individual operationdistedin Tablel areperformed.

1. Eachcachdine maintainsanextrastatebit calledtheload
(L) bit, asshovnin Figure6. TheL bit is setwhenatask
loadsfrom aline beforestoringto theline — a potential

OGO

SV$ SV$ | | SV$ | | SV$

. Next level
Snooping Bus ——

- memory
Bus Arbiter

Version Control Logic

States of snooped lines from each cache

R

— Version Control Logic

assignment
information ‘ ¢ ¢ ‘

VCL responses to each cache

Task

Figure 5: Speculative versioning cache.

‘Tag‘V‘S‘L‘ Pointer‘Data‘

V: Valid S: Store L: Load
Figure 6: Base SVC design: structure of aline.

violation of memorydependencin casea previoustask
storeso thesamdine.

. Eachcacheline maintainsa pointer that identifiesthe

processolor L1 cache)that hasthe next copy/version,
if ary, in the VersionOrderingList (VOL) for thatline.

Thus,theVOL for aline is storedin adistributedfashion
amongthe privateL1 cachelines. It is importantto note
thatthe pointeridentifiesa processoratherthana task.
Storingthe VOL explicitly in the cachdinesusingpoint-

ersmaynotbenecessarfor thebasedesign.However, it

is necessaryo explicitly storetheVVOL for theadvanced
designsandwe introduceit in the basedesignto easehe
transitionto theadwanceddesigns.

3. The SVC usescombinationallogic called the Version

Control Logic (VCL) that providessupportfor specula-
tive versioningusingthe VOL. A processorequesthat
hits in the privateL1 cachedoesnot needto consultthe
VOL andhencedoesnot issuea bus request;the VCL
is alsonot used. Cachemissesissuea bus requesthat
is snoopeddy thelL1 cachesandthe next level memory
The statesf therequestedine in eachL1 cacheandthe
VOL aresuppliedto the VCL. TheVCL useshebusre-
quest,the programorderamongthe tasks,andthe VOL
to computeappropriateresponse$or eachcache. Each
cacheline is updatedbasedon its initial state,the bus
requestandthe VCL response A block diagramof the
VersionControlLogicis shavnin Figure5. Forthebase
designthe VCL responsearesimilar to thatof the dis-
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ambiguationogic in the ARB [3]. The disambiguation
logic searche$or previousor succeedingtagesn aline
to executealoador storerespectiely.

3.2.1.Loads Loadsarehandledin thesameway asin an
SMP exceptthatthe L bit is setif theline wasinitially in-

valid. On a BusReadequestthe VCL locatesthe closest
previousversionby searchinghe VOL in thereverseorder
beginning from the requestorithis version,if ary, is sup-
plied to therequestarIf a previousversionis not buffered
in ary of theL1 cachesthenext level memorysupplieshe
data.Taskassignmeninformationis usedto determinghe
positionof the requestoiin the VOL. The VCL cansearch
theVOL in reverseorderbecausét hastheentirelist avail-

ableandthelist is short.

W..Z: Caches ‘ State ‘ Pointer | Data‘ 0..3: Tasks

program order ™
Buojp

STTalwe s
X D]] <

Idr, A

Execution time order —>

- \
\W/s Y/l
\ - 1]

Figure 7: Base SVC design: example load.

We illustratethe load executedby task2 to addressA in
the exampleprogram. Figure7 shawvs two snapshotsone
beforethe load executesand oneafter the load completes.
Eachbox shaws the line with tag or addressA in an L1
cache(the valid bit is not explicitly shavn). The number
adjacentto a box gives a processor/cachiglentifier anda
taskidentifier Theprocessoidentifiersareusedby the ex-
plicit pointersin eachline to representhe VOL, whereas,
thetaskidentifierssene only to easethe explanationof the
examples.Task2 executesaloadthatmissesn cacheZ and
resultsin a busrequest. The VCL locatescacheZ in the
VOL for addressA usingprogramorderandthensearches
the VOL in thereverseorderto find the correctversionto
supply whichis theversionin cacheY (theversioncreated
by task1).

3.2.2. Stores The SVC performsmore operationson a

storemissascomparedo a cachecoherentSMP. Whena

BusWriterequests issuedon a storemiss,the VCL sends
invalidationresponseto the cachedeginningfrom there-

guestorsimmediatesuccessofin taskassignmenorder)to

the cachethat hasthe next version(including it, if it has
the L bit set). This invalidationresponsellows for multi-

ple versionsof the sameline to exist andalsosenesto de-

tectmemorydependenceiolations. A cachesendsa task
squastsignalto its processorvhenit recevesaninvalida-
tion responsérom the VCL andthe L bit is setin theline.

- ™\ - N\
D]]wm Y/lD]] —> [§] -W/3 Y/lD]]
st 3, A\ - / \ - /Stl A

J;

m ™\ - N\
D]]W/ Y/l- [1] <— [5] -W/3 Y/lD]]
D]] (] - o] ./

Figure 8: Base SVC design: example stores.

We illustratethe storesexecutedby tasksl and3 in the
exampleprogram. Figure 8 shavs four snapshot®f the
cachelineswith addressA. Thefirst snapshots takenbe-
fore task 3 executesa storethat resultsin a BusWritere-
guest.Sincetask3 is themostrecentin programorder, the
storeby task3 doesnot resultin ary invalidations. Note
thata storeto aline doesnotinvalidateall othercachdines
(unlike anSMP)to allow for multiple versionsof the same
line. The secondsnapshois taken afterthe storefrom task
3 completesandbeforetaskl executests store. Basedon
taskassignmeninformation,theVCL sendsaninvalidation
responséo eachcachefrom theoneaftercacheY” until the
onebeforecachelV, which hasthe next versionof theline
(cachd¥ is notincludedsinceit doesnothavethe L bit set)
— VCL sendsaninvalidationresponséo cacheZ. But, the
load executedby task2, which follows the storeby task1
in programorder, hasalreadyexecuted.CacheZ detectsa
memorydependenceiolation sincethe L bit is setwhen
it recevesaninvalidationresponsdrom the VCL. Tasks2
and3 aresquashedsshavnin thethird snapshoby shaded
boxes. Thefinal snapshots taken afterthe storeby task1
hascompleted.

3.2.3. Task commits and squashes The baseSVC de-
sign handlestask commitsand squashesn a nave man-
ner Whena processorcommitsa task, all dirty linesin

its L1 cacheareimmediatelywritten backto the next level

memoryandall otherlines areinvalidated. To write back
all the dirty linesimmediately a list of the storesexecuted
by the taskis maintainedby the processar When a task
is squashedall linesin the correspondingacheareinvali-

dated.

3.3 Basedesignperformancedrawbacks

The basedesignjust describedhastwo significantper
formancelimitations that make it lessdesirable: (i) write
backsperformedwhena processocommitsa taskleadto
bursty bustraffic that mayincreasehetime to committhe
taskanddelayissuinganew taskto thatprocessaqfii) clean
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linesarealsoinvalidatedwhena taskcommitsor squashes
becauséhebufferedversionsouldbestalefor thenew task
allocatedonthe sameprocessorthecorrectversionmaybe
presentin other caches. Consequentlyevery task begins
executionwith a cold L1 cache,increasingthe bandwidth
demand. The following advanceddesignseliminatethese
problemsby trackingadditionalinformation.

1. Thefirst advanceddesign,the ECSdesign(section3.5),
makestaskcommitsandsquashemoreefficient. To ease
theunderstandingf thisdesignwefirst presentininter-
mediatedesign,the EC design(section3.4), thatmalkes
taskcommitsefficient by distributing the write backsof
dirty linesovertime. Also, it retainsread-onlydatain the
L1 cachesacrosgaskcommitsby carefulbook-keeping.
However, it assumeghat mispredictionsdo not occut
Then,we presenthe ECSdesignthatextendsthe EC de-
signto allow tasksquashesTasksquasheareassimple
asin thebasedesign but aremoreefficientasthey retain
non-speculatie datain thecachescrosgasksquashes.

2. Thesecondadvanceddesign(section3.6) boostghe hit-
rateof the ECSdesignby allowing requestgo snarf[6]
the busto accountfor referencespreading.Snarfingin-
volvescopying the datasuppliedon a busrequesissued
by anotherprocessolin an attemptto combinebus re-
questsndirectly.

3. Thefinal design(section3.7) is realisticandallows the
sizeof acachdine to bemorethanoneword.

3.4. Implementing efficient task commits (EC)

The EC designavoids expensve cacheflusheson task
commitsby maintaininganextrastatebit, calledthecommit
bit, in eachcacheline. Taskcommitsdo not stall until all
lines with speculatie versionsare written back. The EC
designeliminateswrite backburstson the bus during task
commits.Also, noextrahardwareis necessarto maintaina
list of storeperformedoy eachtask.FurthertheEC design
improvescacheutilization by keepingthe L1 cachesvarm
acrosdasks.

|Tag [ v|s | L]c]|T1] Pointer | Data |

V: Valid S: Store L: Load

C: Commit T: sTale

Figure 9: EC design: structure of a line.

The structureof a cacheline in the EC designis shovn
in Figure 9. Whena processocommitsa task,the C' bit
is setin all its cachelines. This operationis entirelylocal
to the L1 cacheanddoesnot issuea bus request. A dirty
committedline is written back, if necessarywhenit is ac-
cessedhe next time eitheron a processorequestor on a
busrequestThereforecommittedversionscouldremainin

the cacheauntil muchlaterin time sincethe taskthat cre-
atedthe versioncommitted. The orderamongcommitted
anduncommittedsersionds still maintainedy theexplicit

pointersin the line. This orderamongthe versionsis nec-
essaryto write backthe correctcommittedversionandto

supplythe correctversionon a bus request. The EC de-
signusesan additionalstatebit, the sTale (T') bit, to retain
read-onlydataacrosdasks.First,we discusshow loadsand
storesare handledwhen cacheshave both committedand
uncommittedsersionsandthendiscusghe stalebit.

3.4.1. Loads and stores Loadsto committedlines are
handledik e cachemissesandissueabusrequestTheVCL

searcheshe VOL in the reverseorderbeginning from the
requestofor theclosesipreviousuncommittedrersion;this

version,if ary, is suppliedto therequestarlf no suchver

sionis found,the VCL suppliesthe mostrecentcommitted
version,if any. This versionis the first committedversion
thatis encounterednthereversesearch All othercommit-
ted versionsneednot be written backand areinvalidated.
Onastoremiss,committedversionsarepurgedin a similar

fashion.
aECER ~ I
\W/s Y/SD]]

-W/3 Y/5\cs\x\o\
A [T .
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Figure 10: EC design: example load.

We illustratethe load executedby task2 in the example
program. Figure 10 shows two snapshotsonebeforethe
load executesand one after the load completes. Versions
0 and1 have beencommitted(the C bit is setin thelines
in cachesX andY). Task2 executesaloadthatmissesn
cacheZ andresultsin abusrequest.The VCL knows that
task2 is the headtaskanddetermineghatcacheX hasthe
mostrecentcommittedversion.CacheX suppliesthedata
whichis alsowritten backto the next level memory Other
committedversiongversion0) areinvalidatedandarenever
written backto memory TheVCL alsoinsertsthenew copy
of version1 into the VOL by modifying the pointersin the
lines accordingly— the secondsnapshoshavs the modi-
fied VOL.

Figure 11 illustratesthe actionsperformedon a store
miss. Thefirst snapshots takenbeforea storeis executed
by task5. Versions0 and1 have beencommitted. Task
5 executesa storethat missesin cacheY andresultsin a
BusWriterequeseventhoughtheline hasa committedver-
sion. The VCL purgesall committedversionsof this line
— it determineghatversionl hasto bewritten backto the
next level memoryandthe otherversions(version0) can
beinvalidated.Puiging the committedversionsalsomakes
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spacefor the new version(versions). The modified VOL
shavnin thesecondsnapshotontainsonly thetwo uncom-

mittedversions.
a=Cep ~ [T~
-W/3 Y/S\cs\x\o\—D\s\Y\ \W/s Y/5

\D]] st5, A km

Figure 11: EC design: example store.

3.4.2. Stale copies The EC designmalkes task commits
efficientby delayingto commiteachcachdine until alater
time. Therefore,a cacheline could have a stale copy be-
causeversionamorerecentthanthe versionbufferedby the
committedtaskcould be presenin othercaches.Thebase
SVCdesigndoesnotintroducestalecopiesbecausd inval-
idatesall non-dirtylineswhenererataskcommits.The EC
designuseghestale(T) bit to distinguishstalecopiesfrom
correctcopiesandavoidsissuinga busrequesbn accesses
to correctcopies.Thisadditionalinformationallowsthe EC
designto retainread-onlydata(correctcopies)acrossask
commits. First, we illustrate that staleand correctcopies
areindistinguishablevithout the T" bit andthenshav how

theT bitis used.
- ™\ m \
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Figure 12: EC design: correct and stale copies.

Figure 12 shaws two executiontime lines — one that
leavesa correctcopy of addressd (shavn usingsolidlines)
in cacheZ andanotherthatleavesa stalecopy of address
A in the samecache(shavn usingdashedines). Thefirst
timeline shavs a sampleexecutionof a modifiedversionof
ourexampleprogram— task3 in Figure2 doesnotexecute
the store. The secondime line shavs an executionof our
original program. The first snapshots the samefor both
time lines. The secondsnapshotn the secondime line is
takenaftertasks) and1 have committed.The(C bit is setin
theircacheandnew tasks4 and5 have beenallocated.The
final snapshoin bothtime linesaretakenwhentasks4 to 7
areactive andbeforetask6 executesaload. In thefirsttime

line, thedatain cacheZ is a correctcopy, sincenoversions
were createdafterversionl; theload canbe supplieddata
by justresettinghe C' bit andwithoutissuingabusrequest.
In thesecondimeline, thecopy in cacheZ is stalesincethe

creationof version3 andhencethe load missesresultinga

busrequestHowever, cacheZ cannotdistinguishbetween
thesetwo scenario@ndhasto issuea requesin bothcases
to consultthe VOL andobtainacopy of the correctversion.

The EC designusesthe stale(T") bit to distinguishbe-
tweenthesetwo scenariogndavoidsthebusrequesivhen-
everacopy is notstale.Thedesignmaintaingheinvariant:
the mostrecentversionof an addressandits copieshave
theT bit resetandtheothercopiesandversionshavetheT
bit set. This invariantis easilyguaranteedby resettingthe
T bit in the mostrecentversion,or a copy thereof,when
it is createdandsettingthe 7' bit in the previousversions,
if any. TheT bits areupdatedon the BusWriterequests-
suedto createaversionor aBusReadequestssuedo copy
a versionandhencedo not generateadditionalbus traffic.
Sincestoresin differenttaskscan be executedout of pro-
gramorder, an active task could executea storeto a copy
thathasthe T bit set(the copy is not stalefor this task,but
is stalefor the next taskallocatedto the sameprocessor).
Figure13 shavsthetwo time linesin our examplewith the
statusof the T' bit. CacheZ candistinguishbetweenthe
correctcopy (T bit is not set)andthe stalecopy (T bit is
set). Theload hits if a correctcopy is presentandno bus
requests issued.
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Figure 13: EC design: Using the stale bit.

The EC designeliminatesthe serialbottleneckin flush-
ing theL1 cacheon taskcommitsby usingthe commit(C)
bit. Also, this designretainsnon-dirtylinesaftertaskcom-
mits aslongasthey arenot stale.More generallyread-only
datausedby a programis fetchedonly onceinto the L1
cachesandnever invalidatedunlesschosento be replaced
on acachemiss. Furtherataskcommitsby just settingthe
C bitin all linesin its L1 cache.
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3.5 Implementing efficient task squashe{ECS)

The ECS designextendsthe EC designto allow task
squashesor the EC design. Also, the ECS designmakes
thetasksquashesoreefficientthanin the basedesignby
retainingnon-speculatiedatain thecachesacrossquashes
usinganotherstatebit, the Architectural(A) bit. Thestruc-
tureof aline in theECSdesignis shovnin Figure14.

‘Tag‘V‘S‘L‘C‘T‘A‘Pointer‘Data‘

L: Load
A: Architectural

V: Valid
C: Commit

S: Store
T: sTale

Figure 14: ECS design: structure of aline.

Whenatasksquashesll uncommittedines (lineswith
theC bit reset)areinvalidatedby resettinghevalid (V) bit.
Theinvalidationmalkesthe pointersin thesdlines andtheir
VOLsinexact. TheVOL hasa (dangling)pointerin thelast
valid (or unsquashedgopy or versionof the line andthe
statusof theT bit in thelinesareincorrect. TheECSdesign
repairgheVOL of suchaline whentheline is accessethter
eitheron aprocessorequesbr on a busrequest.Updating
theT bitsis notnecessarpecausd is only ahintto avoid a
busrequestinda squastwould notincorrectlyreseta stale
versionto be correct.However, the ECSdesignupdateghe
T bit onthisbusrequesby consultingtherepairedvOL.

r [cst]v]o]

W/3X/4Y/1\ st w[a] —[ T Jw- X/-Yll
712
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Figure 15: ECS design: VOL repair.

Figure 15 illustratesVOL repairwith an exampletime
line with threesnapshots.The first snapshots taken just
beforethe tasksquastoccurs. Tasks3 and4 aresquashed,;
only version3 isinvalidated.TheVOL with incorrectT bits
andthe danglingpointerareshavn in the secondsnapshot.
Task2 executesa load thatmissesn cachel andresults
in a busrequest.The VCL resetshe danglingpointerand
theT bit in cacheY'. TheVCL thendeterminegheversion
to supplytheload. Also, themostrecentcommittedversion
(versionQ) is written backto the next level memory The
third snapshois takenaftertheloadhascompleted.

3.5.1.Squashinvalidations The basedesigninvalidates
non-dirtylinesin the L1 cacheon tasksquashesThis in-

cludeshoth speculatre datafrom previoustasksandarchi-
tecturaldatafrom the next level memory(or the commit-
tedtasks). The basedesigninvalidatestheselines because
it doesnot track the creatorof a speculatie versionsfor
eachline andhencecannotdeterminewhetherthe version
in a line hasheencommittedor squashedSquashingion-
speculatre dataleadsto highermissratesfor tasksthatare
squashedndrestartednultiple times.

To distinguishbetweencopiesof speculatre andarchi-
tecturalversions,we addthe architectural(4) bit to each
cacheline asshovn in Figure 14. The A bit is setin a
copy if eitherthe next level memoryor a committedver-
sion suppliesdatawhena bus requestissuedto obtainthe
copy; elsethe A bit is reset.Oneof the VCL responsesn
a bus requestspecifieswhetherthe A bit shouldbe setor
reset. Copiesof architecturalversionsare not invalidated
ontasksquashes,e.,the ECSdesignonly invalidatedines
thathave boththe A andC bits reset. Further a copy of a
speculatre versionusedby a taskbecomesanarchitectural
copy whenthetaskcommits. However, the A bit is not set
until theline is accessetby a latertask,whenthe C bit is
resetandthe A bit is set.

3.6. Hit rate optimizations

The baseand ECS designsincur severe performance
penaltiesdue to refelencespreading Whena uniproces-
sorprogramis executecon multiple processorsith private
L1 cachessuccessie accesse® thesamdine thathit after
missingoncein ashared_1 cachecouldresultin aseriesof
misses.This phenomenois alsoobsenedfor parallelpro-
gramswherethe missrate for read-onlyshareddatawith
privatecachess higherthanthatwith a sharedcache.We
usesnarfing[6] to mitigatethis problem. Our SVC imple-
mentationsnarfsdataon thebusif thecorrespondingache
sethasafreeline available.However, anactivetask’s cache
canonly snarfthe versionthat the task can useunlike an
SMP coherentcache.The VCL determineshethera task
cancopy a particularversionor not andinforms cachesof
anopportunityto snarfdataon a busrequest.

3.7. Realisticline size

The baseand ECS designsassumehat the line size of
thelL1 cacheds oneword. Thefinal SVC designhowever
allows linesto belongerthana word. Similarto an SMP
coherentachewe obsene effectsdueto falsesharing.In
additionto causinghigherbustraffic, falsesharingleadsto
more squashesvhena storeto a cacheline from a taskis
executedout-of-orderwith a load from a differentbyte or
word in the sameline from a later task. We mitigate the
effectsof falsesharingby usinga techniquesimilar to the
sectorcache[7]. Eachline is dividedinto sub-blocksand
the L and S bits are maintainedfor eachsub-block. The
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sizeof a sub-blockor versioningblock is lessthanthat of

the addresdlock (storageunit for which an addresgagis

maintained).Also, whena storemissresultsin a BusWrite
requestmaskbits thatindicatethe versioningblocksmodi-

fied by the storearealsomadeavailableon the bus.

4. Performanceevaluation

We reportpreliminaryperformanceesultsfor the SVC
usingthe SPEC9%enchmarksThegoalof ourimplemen-
tationandevaluationis to prove the SVC designnotjustto
analyzeits performance.We underlinethe importanceof
a privatecachesolutionby first shaving how performance
degradegapidly asthe hit lateng for a sharedcachesolu-
tion is increasedthe AddressResolutionBuffer (ARB) is
the sharedcachesolutionwe usefor this evaluation. We
mitigatethe committime bottlenecksn the ARB (by using
anextra stagethatcontainsarchitecturatlata)to isolatethe
effectsof pure hit latengy from other performancebottle-
necks.

4.1 Methodology and configuration

All the resultsin this paperwere collectedon a simu-
lator that faithfully modelsa Multiscalar processar The
simulatordynamicallyswitchesbetweera functionalanda
detailedcycle-by-g/cle modelto provide accurateandfast
simulationof a program. The memorysystemmodelin-
cludesa fair amountof detail including an off chip cache,
DRAM banksandinterconnectbetweerthe differentlev-
elsof memoryhierarchy The Multiscalarprocessousedin
theexperimentshas4 processorgachof which canissue2
instructionsout-of-order Eachprocessohas2 simpleinte-
ger ALUs, 1 comple integer unit, 1 floating point unit, 1
branchunit and1 addressalculationunit, all of which are
assumedo be completelypipelined. Inter-processoreg-
ister communicatiorlateng is 1 cycle andeachprocessor
cansendasmary astwo registersto its neighborin every
cycle. Loadsandstoresfrom eachprocessoare executed
in programorderby usinga load/storequeueof 16 entries
each.

The ARB is a fully-associatve setof 32-bytelineswith
atotal of 8KB storageper stageandfive stagesthe shared
datacachethatbacksup the ARB is 2-way setassociatie
and64KB in size. The off chip cacheis 4MB in sizewith
a total peakbandwidthof 16 bytesper processorclock to
theL1 data,instructionandtaskcachesMain memoryac-
cesstime for the first word is 24 processorclocksandhas
a RAMBUS-like interfacethat operatesat half the speed
of the processorgo provide a peakbandwidthof 8 bytes
every busclock. All the cachesandmemoryare4-way in-
terleaved. Both the ARB andthe L1 datacachehave 16
MSHRs/writelufferseach;eachbuffer cancombineupto 8
accessew the sameline. Disambiguatioris performedat
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the byte-level. ThebaseARB hit timeis variedfrom 1 to 3
cyclesin theexperimentsBoththetagsanddataRAMs are
singleportedin all thecaches.

The privatecacheghatcomprisethe SVC areconnected
togetherand with the off chip cacheby an 8-word split-
transactionsnoopingbus where a typical transactionre-
quires3 processocycles’. Eachprocessohasits own pri-
vateL 1 cachewith 16KB of 4-wayset-associate storagen
32-bytelines. Both loadsandstoresare non-blockingwith
8 MSHRs/writeluffers percache Eachbuffer cancombine
up to 4 accesseto the sameline. Disambiguatioris per
formedatthe byte-level. L1 cachehit timeis fixedat 1 cy-
cle. ThetagRAM is dualportedto supportsnoopingwhile
thedataRAM is singleported.

4.2 Benchmarks

We used the following programsfrom the SPEC95
benchmarksuite with train inputs except in the cases
listed: compess gcc (ref/jump.i) vortex, perl, ijpeg
(test/specmun.pprmngrid (test/mgrid.in) apsi, fpppp and
turb3d. All programswerestoppedafterexecutingl billion
instructions.From pastexperiencewe know thatfor these
programsperformancechangeis not significantbeyond 1
billion instructions.

4.3 Experiments

Figure 16 presentghe instructionsper cycle (IPC) for
a Multiscalar processomith eitherthe ARB or the SVC.
The configurationseeptotal datastorageof the SVC and
ARB/cachestorageroughlythe same.The percentageniss
ratesfor the ARB andthe SVC are shovn on top of the
IPC bar clusters(in thatorder). For the SVC, an accesss
countedasamissif datais suppliedby thenext level mem-
ory; datatransfershetweenthe L1 cachesarenot counted
asmisses.

Fromthesepreliminaryexperimentsye make threeob-
senations: (i) the hit lateny of datamemorysignificantly
affects ARB performance(ii) the SVC trades-of hit rate
for hit lateny andthe ARB trades-df hit lateng for hit
rateto achieve performanceand(iii) for thesametotaldata
storagethe SVC performsbetterthanthe ARB having a hit
lateng of 2 or morecyclesasshovn in Figure 16. The
graphsin thesefiguresshaw that performancemprovesin
therangeof 5% to 20% whendecreasinghe hit lateng of
the ARB from 3 cyclesto 1 cycle. This improvementin-
dicatesthat techniqueghat use private cacheso improve
hit lateng areanimportantfactorin increasingoverall per
formancegvenfor lateng tolerantprocessorsik e a Multi-
scalamprocessar

SBusarbitrationoccursonly oncefor cacheto cachedatatransfers An
extracycle is usedto flusha committedversionto the next level memory
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Figure 16: SPEC95 IPCs for ARB and SVC.

Thedistribution of storagefor the SVC produceshigher
miss ratesthanfor the ARB. We attribute the increasein
miss ratesfor the SVC to two factors. First, distributing
the available storageresultsin referencespreading6] and
replication of datareducesavailable storage. Second,a
latestversionof a line that cachesfine-grainshareddata
betweenMultiscalar tasksconstantlymoves from one L1
cacheto another(migratorydata). Suchfine-graincommu-
nicationmayincreasehe numberof total missesaswell.

5. Conclusion

Speculatie versioningis importantto overcomelimits
on Instruction Level Parallelism (ILP) due to ambiguous
memorydependencem a sequentialprogram. Our pro-
posal,calledthe Speculatre VersioningCache(SVC)uses
distributed cachego eliminatethe lateny and bandwidth
problemsof a previous solution, the AddressResolution
Buffer, whichusesacentralizeduffer. The SVC conceptu-
ally unifiescachecoherenceandspeculatie versioningby
usinganorganizatiorsimilar to snoopingbus-basedoher
ent caches. A preliminary evaluationfor the Multiscalar
architectureshaws that hit lateng is an importantfactor
affecting performance and private cachesolutionstrade-
off hit rate for hit latengy. The SVC provides hardware
supportto breakambiguousnemorydependenceallowing
proposedext generatiormultiprocessoro useaggressie
parallelizingsoftwarefor sequentiaprograms.
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