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Abstract

Manufactuers are focusing on multiprocessor
system-on-atip (MPSoC)architecturesin order to
provide increasedconcuriency ratherthanincreased
clock speedfor bothlarge-scaleaswell asembedded
systems. Traditionally lock-basedsyndironizationis

rovidedto supportconcurency; however, manajing
ocks can be very difbcultand error prone In addi-
tion, the performanceand power cost of lock-based
syndironization can be high. Transactionalmemo-
ries havebeenextensivelyinvestigatedas an alterna-
tive to lock-basedsyndironizationin genewrl-purpose
systems.It hasbeenshownthat transactionalmem-
ory has advantaes over locks in terms of easeof
E'rogrammmg performanceand enegy consumption.

owever, their applicability to embeddednulti-core
platforms has not been explored yet. In this pa-
per, we demonstate a completehardware transac-
tional memorysolution for an embeddednulti-core
architecture, consistingof a cace-coheent ARM-
basedcluster similar to ARM®MPCore. Using cy-
cle accurate Fowerand performancemodelsfor the
transactionalmemoryhardware, we evaluateour ar-
chitectural framevork over a set of different system
and applicationsettings,and showthat transactional
memoryis a promising solution, even for resouce-
constainedembeddednultiprocessos.

1 Introduction

Multi-core architecturedave becomepenasie in
large-scaledigital integratedsystems.Manufacturers
of general-purpos@rocessordiave essentiallygiven
uptrying to increaseclock speedandinsteadarenow
focusing on multiprocessosystem-on-a-chip(MP-
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SoC) architecturesjn which multiple processorse-
siding on a single chip communicatalirectly through
sharedhardware cachesproviding increasedconcur
reng insteadof increasedtlock speed8]. Integrated
platforms for embeddedapplicationsare even more
ag%ressaely pushing core-level parallelism. SoCs
with tens of cores are commonplace[23, 30, 32],
and platformswith hundredsof coreshave beenan-
nounced24].

In principle, multi-core architectureshave the ad-
vantagesof increasedpower-performancescalability
gassummgon-chlp interconnectscaleswell [7]) and

asterdesigncycle time (by exploiting replicationof
pre-designedcomponents). However, performance
andpowerbenepbtganbeobtainedonly if applications
exploit a high level of concurreny. Indeed,oneof the
toughestchallengedo be addressedhy multi-corear
chitectsis how to help programmersxposeapplica-
tion parallelism.

Embeddedapplicationsin multimedia, imaging,
and communication,have a high degree of exposed
thread-leel ﬁarallelism,and this is one of the main
reasondor the rapid diffusion of multi-corearchitec-
turesin embeddedsystemg9]. However, managing
concurreng is not easy One major issueis how to
synchronizeconcurrentaccesse$o memory When
multiple threadsaccessa shareddatastructure,care
must be taken to ensurethat concurrentaccesseslo
notinterfere. Embeddednulti-corearchitecturesisu-
ally provide lock-basedsynchronizationsupportfor
this purpose.

Lock-based synchronizationrelies on dedicated
hardware. Atomic read-modify-writememoryaccess
is probablythemostcommonlydeployedsynchroniza-
tion mechanisnie.g.,it is usedin the ARM MPCore
archltectureLS]). It reqwressupBortln the proces-
sor tile, in the communicationfabric, and/orin the
memorytargets.For instanceMPCorerelieson hard-
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waresupportfor lockedtransactionsn the systemin-
terconnect. Otherarchitecturesise semaphoraarget
devices[22] that provide direct atomic read-modify-
write support.

Embeddedplatforms are almost invariantly de-
ployed in tightly resource constrained contexts.
Hence,the performanceand power costof synchro-
nization is a serious concernthat is further com-
poundedby the issueof providing effective program-
ming abstractions. In fact, managinglocks is ver
difbcult and error prone. Deadlocksare difbcult
to avoid, especiallywhen systemshave multiple re-
sourcesMoreover, evenwhenthe systemis operating
correctly conditionslike lock spinningmayimposea
signibcantbverheadn power andperformancesince
they tendto Roodthe interconnecwith uselesgrans-
actions.

Transactionamemorieshave beenextensvely in-
vestigL tedn general-purpossystemsasanalternatve
to lock-basedsynchronizatior{e.qg.,[13, 16, 18, 10]).
Transactionaimemory enablesspeculatie execution
of threadswithout acquiringlocks, guaranteeinghat
transactionsappearto executeatomically Transac-
tional memoryhasadwantagesover locksin termsof
easeof programming,performanceand enegy con-
sumption[19, 25]. However, their applicabilityto em-
beddedmulti-core platforms, basedon simple cores
andmemorysysteminterfaces hasnot beenexplored
yet. The main objectve of this paperis to demon-
strate for the brsttime, a completehardwaretransac-
tionalmemorysolutionfor anembeddednulti-corear
chitectureconsistingof a cache-coheretRM-based
cluster similar to ARM@ MPCore. We have devel-
oped cycle accuratepower and performancemodels
for thetransactionamemoryhardware,andwe devel-
opeda leansoftwarelibrary that supportscritical sec-
tions basedon transactionamemory This hardware-
software framevork hasbeenevaluatedover a setof
differentsystemand applicationsettings. Our analy-
sis shaws that, while transactionamemory can pro-
vide clearperformanceadwantagescarefulconsidera-
tion to hardwaredesignis essentiain orderto meetthe
tight enegy constraintsof an embeddednultiproces-
sor platform. Still, evenwith thesetight enegy con-
straints,our resultsshov up to a 23%reductionin en-
ergy consumptiona 62%reductionin executiontime,
anda 75% improvementin enegy delay productfor
anembeddedapplicationusingtransactionasynchro-
nizationcomparedo the applicationusinglocks.

2 Background and Previous Work

Locks arethe mostcommonapproacho synchro-
nization.A lock indicatesvhetherasharedataobject
is in use.A threadmustacquirea lock beforeaccess-
ing the sharedobject, andreleasethe lock afterit is
done. Locks may be be implementedn mary differ-
entways,includingsemaphoresr interrupts.

Despitetheir widespreaduse, locks have serious
limitations. Coarse-grainetbcks, which protectrel-
atively large amountsof data, simply do not scale.
Threadsblock oneanothereven whenthey do not re-
ally interfere,andthe lock itself becomes sourceof
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contention.Fine-grainedocks, which protectsmaller
regions of memory may appearmore scalable,but
they aredifbcultto useeffectively and correctly In
particular they introduce substantialsoftware engi-
neering problems, since the corventionsassociating
locks with objectsbecomemore complex and error
prone.Locksalsocausevulnerabilityto threadfailures
anddelays: if a threadholding a lock is deIaKedby
a pagefault, or contet switch, otherrunningthreads
may be blocked. Locks alsoinhibit concurreng be-
causehey mustbeusedconsenratively: athreadmust
acquirealock wheneerthereis a possibility of a syn-
chronizationconRict,evenif suchaconfictis actuall%/
rare. Finally, locks have a disadwantagein termso
enegy consumptiorj19].

Transactionaimemory [13] is a speculatie alter
native to locks. Transactionalmemory can be im-
plementedin hardware [16, 21, 25, 27] or in soft-
ware[10,11,12,15,17,28], or asa hybrid hardware-
softwarecombination[3, 18, 26]. In this paperwein-
vestigatdransactionasynchronizatiorspecibcallyfor
embeddedarchitecturesWe focuson hardwaretrans-
actionalmemory sincewe feel this implementationis
moreappropriatefor the needsof embeddedystems.
A more detailedoverview of hardware transactional
memoryfollows.

In transactionalmemory each transactionis ex-
ecutedspeculatiely by a single thread without ac-
quiring a lock. If the transactioncompleteswithout
confRictingwith anothertransactionjt commits,and
its effectsbecomepermanent.Otherwise,if conficts
weredetectedluringexecutionby thenative hardware
cachecoherencerotocol thetransactiorabortsits ef-
fectsarediscardedandthetransactions restartedata
latertime.

Until atransactiorcommits,its effectsarenot vis-
ible outsidethe transactioritself. To ensuresuchiso-
lation, hardwaretransactionamemorykeepstentatve
updatesn athread-locatache If thetransactiorcom-
mits, thesemodibedentriesmay be written back to
memory Data confictswith othertransactionswill
bedetectedy the native cachecoherencenechanism.
If aconfictis detectedthetransactions abortedand
its effectsarediscarded.

Transactionalmemory requires a checkpointing
mechanisnto supportroll-back andre-issueof trans-
actionsin caseof a confict. Variouscheckpointing
mechanismé$ave beenproposedfor recovering pro-
cessorstate. Many of thesetechniquesperiodically
createa system-widelogical checkpointof the sys-
tem,whichincludesthestateof the processoregisters,
memoryvalues,and coherencepermissiond29, 20].
For ourpurposesit is sufPcientto checkpointhelocal
registersof the processothatstartedthetransaction.

Transactionamemoryimproves easeof program-
ming and performanceof sharedmemory multipro-
cessors[ll ]. Hardware transactionalmemory pro-
vides a level of concurreng at least equivalent to
the Pnestgranularity locking, at a modesthardware
cost[25]. Transactionamemoryalso hasan advan-
tageover locksin termsof enegy consumptiorLlQ],
dueto reducedcontentionandthe absencef lock ac-
quisitionoverhead.

In this paper we take a brststepto investigatethe
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Figure 1. Example of the system conbgura-
tion with 4 CPUs.

extentto which theseadwantagef transactionasyn-
chronizatiorfor general-ﬁ_urposprocessorsarryover
to embedded/IPSoCarchitectures.

3. Transactional Memory for Embedded
Systems

3.1 Simulation Platform

We developed our architectureon top of the
MPARM simulationframework [4, 14}. MPARM is
a cycle-accuratemulti-processosimulatorwritten in
SystemCthat provideshigh Bexibility in termsof de-
sign spaceexploration. The designercan use the
MPARM facilitiesto modelary simpleinstructionset
simulatorwith acomplex memoryhierarchy(support-
ing, for example, caches,scratchpadnemories,and
several typesof interconnects).Finally, MPARM in-
cludescycle-accuratgpower modelsfor mary of the
simulateddevices. The power modelshave beenchar
acterizedby a 0.13um technologyprovided by STMi-
croelectronic$31].

As shavn in Figure 1, the adoptedbasic sys-
tem conbgurationconsistsof a variable number of
ARM?7 cores(eachhaving an 8KB direct-mapped.1
cache),a setof private memories(256KB each),one
sharedmemory (256KB) and one bank (16KB) of
memor -ma}lqﬁedeglsterswhlch work as hardware
semaphoreslheinterconnects an AMB A-compliant
communicationarchitecturg[1l]. A Cache-coherence
protocol (MESI) is also provided by snoopdevices
connectedo the masterports. Note thatwhile the pri-
vate and sharedmemoriesare arbitrarily sizedrather
large(256KB)they do not&gmbcantlymgacttheper—
formanceor power of our system(aswill beshowvn in
Sectiord).
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Figure 2. Architecture overview.

3.2 Implementation

The basicidea behind the TransactionaMemory
working modelis simple: eachtransactioris specula-
tively executedby the CPU and, if no conf3ictswith
anothertransactionare detected,its effects become
permanen{thatis, the transactioncommit$. Other
wise, if conRictsaredetectedits effectsarediscarded
(thatis, the transactiomabort9, andthe transactioris
restarted. Hence,the supportof the hardwarethat a
TransactionaMemory generallyrequiresis 1) a safe
locationfor storing/modifyingtransactionatlata,and
2) arollback mechanisnfor re-executingthe transac-
tion.

We modeledour TransactionaMemory after [13],
and implementeda small (512B) fully-associatve
TransactionalCade(TC). The TC Is accesseth par
allel with the L1 cache;its maintaskis to manageall
theread/writeoperationsluringatransactionPrelim-
inary experimentalresultssuggesthat mosttransac-
tionsarequitesmall,bothin commonbenchmarksnd
evenin the Linux kernel[2]. Thereforejn this paper
we do not considertransactionshatwould exceedthe
capacityof our TC.

Figure2 providesan overview of theimplemented
architecture.To starta transactionthe CPU createsa
local checki)ointby saving the contentof its registers
into a small (128B) Scratchpadviemory (SPM) [6].
Note thatduring the time the CPU is writing into the
SPM,thepipelineis stalled.In ourcasemoreoer, the
SPMmustbe carefullyresizedin orderto containthe
entiresetof CPUregisters.

During the executionof the transactiontwo copies
of accessedatawill bestoredin the TC, asshawn in
Figure3. Thatis, two physicallines are maintained
for eachaddress:oneline storesthe backupcog/ of
the dataandthe othercontainsthe datamodipeddur
ing thetransactionThis schemeequiresadding2 ex-
tra bits to the cachecoherencdag vector Thesebits
will allow usto distinguishbetweenthe backupcopy
(marked with the T.COMMIT bit) and the modiPed
data(marked with the T ABORThit). If neitherbit
is set,thisindicatesthatthe datain theline is not con-
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Figure 3. The TC maintains two copies for
each line and is exclusive to the L1 cache.

tainedwithin a transactiorandthereforecanbe man-
agedin the usualmannery the snoopdevice.

In caseof a dataconfict, the snoopdevice noti-
pesthe CPUwith the Abort Transactionsignalwhich
causesll the T_ ABORTIlinesto beinvalidated.Once
the CPU recevesthe Abort Transaction signal, it 1)
stopsthe executionof the transaction2) restoreshe
registersvaluesby readingfrom the SPM, andbnally
3) changests statusto Olav powverOmode. The CPU
remainsin this low power mode for somerandom
bacloff period after which it can begin re-executing
the transaction. The rangeof the bacloff periodis
tunedaccordingto the conf3ictrate. Thatis, the Prst
time a transactionconfBictsit waits an initial random
time period (< 100 cycles) before restarting. If the
transactiorconfictsagain,the bacloff periodis dou-
Plﬁd eachtime until thetransactiorcompletesuccess-

ully.

If thereis no conRBict,andthetransactiorcommits,
the TC invalidateshe T_.COMMIT linesandresetghe
T_ABORTDbits of the tag vector This resultsin the
linesthatweremarked beforeasT_ABORT now con-
taining useful datafor the rest of the system. As a
consequencéhesnoopdevice will managehesdines
accordingo the native cachecoherencerotocol.

For correct implementation,the systemneedsa
write-back(with write-allocate)cachepolicy, (e.g.,all
the writes have to be done within the TC). In ad-
dition, if the TC requiresdata containedin the L1
cachethecorrespondingd 1 lineswill becopiedto the
TC andtheninvalidatedin the L1 (guaranteeingnon-
overlappingdata-sets). It is importantto emphasize
thatthe snoopdevice will continueto manageall the
non-transactionavalid lines (i.e., the lines which do
not have the T_COMMIT, T_ABORT or INVALID bits
set)accordingto the standarccache-coherengeroto-
col (the MESI schemein our case).

The software supportfor the transactionss pro-
vided by a library of specialinstructionsthat arein-
voked using macros. The macrosproducea write

ACM SIGARCH Computer Architecture News

into a specialmemory-mappedocation that controls
thesignalsStart TransactionrandStop Transaction as
shavn in Figure2.

4 Experimental Results

In this section, we evaluate the power and per
formance benebtsof using hardware transactional
memory with an embeddedmulti-core system. For
this purpose we developeda parameterizablenicro-
benchmarkhat canbe usedto represena numberof
commonsharedmemoryaccespatternan embedded
applications. The micro-benchmarlconsistsof a se-
guenceof atomicoperationsxecutedon asharedna-
trix, whichis logically subdvidedinto overlappingre-
gions. To ensurethat concurrentaccesse$o shared

atado not produceincorrectresults,processorsnust
obtainexclusie accesdo eachregion. Usinga con-
ventionalschemewewould associat@lock with each
regionto ensurghatprocessorslonotseeinconsistent
dataat the boundariesof the matrix. Sucha scheme
is typically usedin image-processingpplicationsfor
embeddedsystems(suchas plotters, printers, digital
cameras).To run the micro-benchmarkwith transac-
tional memory we replacedhelocks andcritical sec-
tionsdebPnedibore with transactions.

Embeddedsystemapplicationsmay include vary-
ing computationalworkloadswithin critical sections,
aswell asoutsideof critical sections.To studythe ef-
fect of suchvariations,we includefour differentcon-
D%uratlonsof our micro-benchmarkmarked as C1,
C2, C3 andC4, in Tablel. For example, C2 de-
notesamicro-benchmarkonpgurationvith amedium
computationalvorkloadinsidecritical sectionsanda
light computationailvorkload outsideof them, mean-
ing that transactionsccomposea large portion of the
micro-benchmark.

Benchmark Inside Outside
Conbguration | Crit. Section | Crit. Section
C1 I 60% I 40%

Cc2 I 85% I 15%

C3 I 20% I 80%

C4 I 5% I 95%

Table 1. Micro-benc hmark workload charac-
terization.

Figure 4 shaws the systemenegy of the different
micro-benchmarkconpPgurationsunningon 4, 8, and
10 CPUs. Varying the numberof CPUsallows us to
explore the scalability of using transactionswith in-
creasingamountsof interconnectongestionThesys-
tem enegy representshe sum of the enegy of the
cores,transactionatacheqTC), L1 cachesscratch-
padmemories RAMs andbuses.Eachgroupof bars
represents micro-benchmariconbguratiorirom Ta-
ble 1 (C1DC4. Theleftmostpairof barsin eachgroup
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Figure 4. System energy of diff erent micro-
benchmark conbgurations with 4, 8, and 10
CPUs using locks (4, 8, 10p) and transactions
(4, 8, 10p_t). The results within each group
are normaliz ed with respect to 4p.

representthesystemenegy whenrunningon4 CPUs
and usin%l_ocks (4p), or transactiong4p.t). Thesec-
ond andthird pairsof barsin eachgrouphave a simi-

lar representatiofior 8 (8p, 8p-t) and10 (10p, 10p.t)

CPUs respectiely. Resultswithin eachgrouparenor-

malizedwith respecto the bPrstbarin the group(4p).

Figure5 usessimilar notationto show the overall exe-
cutiontime for the differentmicro-benchmarkonpg-
urationsrelative to the4p conbguration.

From looking at the Pbrst two groups of bars of
Figures4 and5 (C1 and C2), we seethat replacing
locks with transactionseduceghe systemenegiy by
10%D31%and executiontime by 42%D64%relative
to a conbguratiorwith the samenumberof proces-
sors, but using locks insteadof transactiongor syn-
chronization.By contrastthe lasttwo groupsof bars
(C3 andC4) show thatalthoughreplacinglocks with
transactionshas a neggligible effect on the execution
time, it hasa noticea Iyn%ative effect on systemen-
emgy. In thesemicro-benchmarlconbgurationsmost
of the computationoccursoutsidethe synchronized
code,sotransactionslo not play amajorrole. Thead-
ditional ene%y is consumedy thetransactionatache
describedn Section3. In thesimpledesignconsidered
here,the transactionatacheis active for the duration
of micro-benchmarlexecutionsince,oncea transac-
tion commits,it is possiblethatthe only valid copy of
certaindataresidesin this cache. It follows that ev-
ery accesdo the L1 cacherequiresa parallelaccess
to the transactionatache evenif no transactioris in
progressFor micro-benchmarkonbguration€1 and
C2, this additionalenegy is more than balancedby
eliminating the extra enegy consumedy locks, but
notfor conbguration€3 andC4, which do muchless
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Figure 5. Execution time of diff erent micro-
benchmark conbgurations with 4, 8, and 10
CPUs using locks (4, 8, 10p) and transactions
(4, 8, 10p_t). The results within each group
are normaliz ed with respect to 4p.

synchronization. Theseresultssuggesthat it would
beworthinvestigatingnorecomplex implementations
that,for example,emptyandpower down thetransac-
tional cachewhenno transactions in progress.Our
preliminary experimentsusing such an implementa-
tion suggestthat enegy consumptioncould be im-
proved substantially For example,on a systemwith
8 CPUs,the enegy consumptiorfor benchmarkcon-
pgurationgC3 and C4 would be reducedby 16% and
18% respectrely, comparedo resultsshavn in Fig-
ure4 for the 8p_t case.In otherwords,the overall en-
ergy consumptionof the systemwould remainabout
the samewhethera lock-basedor transaction-based
synchronizatiorschemewere usedfor the C3 or C4
conbgurations. This makes sensesince the fraction
of time spentexecutingcritical sectionsof the code
is quitesmall.

To geta betterunderstandin@f the overall enegy
consumption Figure 6 shavs the enegy distribution
for the C1 micro-benchmarkonbguratiomwith trans-

actionsand four CPUs! As may be expected,the
cachesandCPUsarethe mostsignibcantontributors
to thesystemene%y (theRAMs areon-chip,andcon-
sumea very small fraction of the enegy). It is no-
tablethatthe transactionatacheqTC) andthe CPUs
consumecomparablemountsof enegy (20.65%and
19.47%respectiely). The transactionalcacheis a
fully-associatve cache,which explains its high en-
ergy consumption. Theseresultsfurther emphasize
the needto consideralternatve schemedor operat-
ing the transactionatache,especiallywhen running
applicationswheretransactionsnake up a relatively

'Enegy distributionfor otherconbgurationsisingtransactions
shavedsimilar results.
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Figure 6. Energy Distrib ution for benc hmark
C1lwith transactions and 4 CPUs (4p_t).

small portion of the total executiontime. While our

initial experimentssuggessubstantiabnegy benebts

from beingableto turnoff the TC whenthe CPUis not

executingtransactionatode, future work will investi-

gate_moreprec_ls_ehardvxareandsoftvxaresolutlonsfor
ealingwith thisissue.

To summarizeour results,Figure 7 shavs the en-
ergy delay product (EDP) of the different micro-
benchmarlconbgurations.Note from the bgurethat
transactionsntroducesubstantiaimprovementsover
locks for the C1 and C2 micro-benchmarlconbgura-
tions, mainly throughreductionof overall execution
time. For example,the C1 conbguratiorwith transac-
tions and 8 CPUs(8p_t) obtainsa systemenepy re-
duction of 23%, a 62% shorterexecutiontime, and
a 71% better EDP over the sameconpbgurationwith
locks (8p). Table2 summarizesghe experimentalre-
sults for C1 and C2. Although increasingthe time
spentinsidea transactiorincreaseshe probability for
confictstransactionamnemorystill manageso obtain
higherthroughputandlower enegy.

Conbguration | System Exec. | EDP%
Energy% | Time%

C1
4ptvs.4p 89.8% 57.6% | 51.7%
8p_tvs.8p 77.7% 38.1% | 29.6%
10ptvs.10p 77.7% 48.2% | 37.4%

C2
4ptvs.4p 81.7% 49.6% | 40.5%
8p.tvs.8p 69.7% 36.5% | 25.5%
10ptvs.10p 69.1% 36.9% | 25.5%

Table 2. Summary of C1, C2results (lower val-
ues are better).
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5. Conclusions

We view thiswork asa brststeptowardunderstand-
ing the extentto which applicationsonembedded/P-
SoCarchitecturesanbenebtfrom transactionabkyn-
chronization.In particular we arethe brstto present
a transactionaimemory solution for a SoC platform
technolcagythatis modeledwith cycle-accuratereci-
sion, and with accuratepower models. We usefre-
gueny andpower numbersandarchitecturabssump-
tions that are appropriatefor an embeddednultipro-
cessorbasedon simple cores. Our resultsshav that,
while transactionamemorycan provide clearperfor
manceadwantagesgcareful consideratiorto hardware
designis essentialin orderto meetthe tight enegy
constraintsof an embeddedsystem. This Pndingis
substantiallydifferentfrom oneobtainedvhenanalyz-
ing transactionamemoryon a generalpurposeplat-
form, sinceenegy consumptions not sotightly con-
strainedfor thesesystemsandthe hardwareto support
transactionainemorycontributesamuchsmallerfrac-
tion to overall enepy, asreportedin [19]. Still, even
with thesetight enegy constraints,our resultsshav
substantiaimprovementin termsof both enegy and
performancearepossibleusingtransaction-basesyn-
chronizationon an embeddecglatform.

Signibcantwork remainsto be doneto investigate
otherbenchmarksand a wider rangeof architectural
choicesandhardwareimplementations Oneinterest-
ing questionis whetherembeddedapplicationswill
requirenew hardwaremechanismso supportembed-
ded applications. For example, little is known about
how transactionakynchronizatiorinteractswith pat-
ternssuchassoftwarepipelining,or with softreal-time
constraints.
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