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Abstract

Manufacturers are focusing on multiprocessor-
system-on-a-chip (MPSoC)architectures in order to
provide increasedconcurrency, rather than increased
clock speed,for bothlarge-scaleaswell asembedded
systems.Traditionally lock-basedsynchronizationis
providedto supportconcurrency;however, managing
locks can be very difÞcultand error prone. In addi-
tion, the performanceand power cost of lock-based
synchronization can be high. Transactionalmemo-
ries havebeenextensivelyinvestigatedasan alterna-
tive to lock-basedsynchronizationin general-purpose
systems.It has beenshownthat transactionalmem-
ory has advantages over locks in terms of easeof
programming, performanceand energy consumption.
However, their applicability to embeddedmulti-core
platforms has not been explored yet. In this pa-
per, we demonstrate a completehardware transac-
tional memorysolution for an embeddedmulti-core
architecture, consisting of a cache-coherent ARM-
basedcluster, similar to ARMÕs MPCore. Using cy-
cle accurate power and performancemodelsfor the
transactionalmemoryhardware, we evaluateour ar-
chitectural framework over a set of different system
andapplicationsettings,and showthat transactional
memoryis a promising solution, even for resource-
constrainedembeddedmultiprocessors.

1 Introduction

Multi-core architectureshave becomepervasive in
large-scaledigital integratedsystems.Manufacturers
of general-purposeprocessorshave essentiallygiven
up trying to increaseclock speed,andinsteadarenow
focusing on multiprocessor-system-on-a-chip(MP-

SoC) architectures,in which multiple processorsre-
sidingon a singlechip communicatedirectly through
sharedhardwarecaches,providing increasedconcur-
rency insteadof increasedclock speed[8]. Integrated
platforms for embeddedapplicationsare even more
aggressively pushing core-level parallelism. SoCs
with tens of cores are commonplace[23, 30, 32],
and platformswith hundredsof coreshave beenan-
nounced[24].

In principle, multi-core architectureshave the ad-
vantagesof increasedpower-performancescalability
(assumingon-chip interconnectscaleswell [7]) and
fasterdesigncycle time (by exploiting replicationof
pre-designedcomponents). However, performance
andpowerbeneÞtscanbeobtainedonly if applications
exploit a high level of concurrency. Indeed,oneof the
toughestchallengesto beaddressedby multi-corear-
chitectsis how to help programmersexposeapplica-
tion parallelism.

Embeddedapplications in multimedia, imaging,
and communication,have a high degreeof exposed
thread-level parallelism,and this is one of the main
reasonsfor the rapiddiffusionof multi-corearchitec-
turesin embeddedsystems[9]. However, managing
concurrency is not easy. One major issueis how to
synchronizeconcurrentaccessesto memory. When
multiple threadsaccessa shareddatastructure,care
must be taken to ensurethat concurrentaccessesdo
not interfere.Embeddedmulti-corearchitecturesusu-
ally provide lock-basedsynchronizationsupport for
thispurpose.

Lock-basedsynchronizationrelies on dedicated
hardware. Atomic read-modify-writememoryaccess
isprobablythemostcommonlydeployedsynchroniza-
tion mechanism(e.g.,it is usedin the ARM MPCore
architecture[5]). It requiressupport in the proces-
sor tile, in the communicationfabric, and/or in the
memorytargets.For instance,MPCorerelieson hard-
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waresupportfor lockedtransactionsin thesystemin-
terconnect.Otherarchitecturesusesemaphoretarget
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 cost of synchro-
nization is a serious concern that is further com-
poundedby the issueof providing effective program-
ming abstractions. In fact, managinglocks is very
difÞcult and error prone. Deadlocksare difÞcult
to avoid, especiallywhen systemshave multiple re-
sources.Moreover, evenwhenthesystemis operating
correctly, conditionslike lock spinningmay imposea
signiÞcantoverheadin power andperformance,since
they tendto ßoodthe interconnectwith uselesstrans-
actions.

Transactionalmemorieshave beenextensively in-
vestigatedin general-purposesystemsasanalternative
to lock-basedsynchronization(e.g.,[13, 16, 18, 10]).
Transactionalmemoryenablesspeculative execution
of threadswithout acquiringlocks, guaranteeingthat
transactionsappearto executeatomically. Transac-
tional memoryhasadvantagesover locks in termsof
easeof programming,performance,andenergy con-
sumption[19, 25]. However, theirapplicabilityto em-
beddedmulti-core platforms,basedon simple cores
andmemorysysteminterfaces,hasnot beenexplored
yet. The main objective of this paperis to demon-
strate,for theÞrsttime, a completehardwaretransac-
tionalmemorysolutionfor anembeddedmulti-corear-
chitecture,consistingof acache-coherentARM-based
cluster, similar to ARMÕs MPCore. We have devel-
opedcycle accuratepower and performancemodels
for thetransactionalmemoryhardware,andwe devel-
opeda leansoftwarelibrary thatsupportscritical sec-
tionsbasedon transactionalmemory. This hardware-
software framework hasbeenevaluatedover a setof
differentsystemandapplicationsettings.Our analy-
sis shows that, while transactionalmemorycan pro-
vide clearperformanceadvantages,carefulconsidera-
tion to hardwaredesignis essentialin orderto meetthe
tight energy constraintsof anembeddedmultiproces-
sor platform. Still, even with thesetight energy con-
straints,our resultsshow up to a 23%reductionin en-
ergy consumption,a 62%reductionin executiontime,
anda 75% improvementin energy delayproductfor
anembeddedapplicationusingtransactionalsynchro-
nizationcomparedto theapplicationusinglocks.

2 Background and PreviousWork

Locks arethe mostcommonapproachto synchro-
nization.A lock indicateswhetherashareddataobject
is in use.A threadmustacquirea lock beforeaccess-
ing the sharedobject, and releasethe lock after it is
done. Locks may be be implementedin many differ-
entways,includingsemaphoresor interrupts.

Despite their widespreaduse, locks have serious
limitations. Coarse-grainedlocks, which protectrel-
atively large amountsof data, simply do not scale.
Threadsblock oneanotherevenwhenthey do not re-
ally interfere,andthe lock itself becomesa sourceof

contention.Fine-grainedlocks,which protectsmaller
regions of memory, may appearmore scalable,but
they are difÞcult to useeffectively and correctly. In
particular, they introducesubstantialsoftware engi-
neeringproblems,since the conventionsassociating
locks with objectsbecomemore complex and error-
prone.Locksalsocausevulnerabilityto threadfailures
and delays: if a threadholding a lock is delayedby
a pagefault, or context switch,otherrunningthreads
may be blocked. Locks also inhibit concurrency be-
causethey mustbeusedconservatively: a threadmust
acquirea lock whenever thereis apossibilityof asyn-
chronizationconßict,evenif suchaconßictis actually
rare. Finally, locks have a disadvantagein termsof
energy consumption[19].

Transactionalmemory [13] is a speculative 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 paper, we in-
vestigatetransactionalsynchronizationspeciÞcallyfor
embeddedarchitectures.We focuson hardwaretrans-
actionalmemory, sincewe feel this implementationis
moreappropriatefor theneedsof embeddedsystems.
A more detailedoverview of hardware transactional
memoryfollows.

In transactionalmemory, each transactionis ex-
ecutedspeculatively by a single threadwithout ac-
quiring a lock. If the transactioncompleteswithout
conßictingwith anothertransaction,it commits,and
its effectsbecomepermanent.Otherwise,if conßicts
weredetectedduringexecutionby thenativehardware
cachecoherenceprotocol,thetransactionaborts,its ef-
fectsarediscarded,andthetransactionis restartedata
latertime.

Until a transactioncommits,its effectsarenot vis-
ible outsidethe transactionitself. To ensuresuchiso-
lation,hardwaretransactionalmemorykeepstentative
updatesin athread-localcache.If thetransactioncom-
mits, thesemodiÞedentriesmay be written back to
memory. Data conßictswith other transactionswill
bedetectedby thenativecachecoherencemechanism.
If a conßictis detected,thetransactionis aborted,and
its effectsarediscarded.

Transactionalmemory requires a checkpointing
mechanismto supportroll-backandre-issueof trans-
actionsin caseof a conßict. Variouscheckpointing
mechanismshave beenproposedfor recovering pro-
cessorstate. Many of thesetechniquesperiodically
createa system-widelogical checkpointof the sys-
tem,whichincludesthestateof theprocessorregisters,
memoryvalues,andcoherencepermissions[29, 20].
For ourpurposes,it is sufÞcientto checkpointthelocal
registersof theprocessorthatstartedthetransaction.

Transactionalmemoryimproves easeof program-
ming and performanceof sharedmemory multipro-
cessors[13]. Hardware transactionalmemory pro-
vides a level of concurrency at least equivalent to
the Þnestgranularity locking, at a modesthardware
cost [25]. Transactionalmemoryalsohasan advan-
tageover locks in termsof energy consumption[19],
dueto reducedcontentionandtheabsenceof lock ac-
quisitionoverhead.

In this paper, we take a Þrststepto investigatethe
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Figure 1. Example of the system conÞgura-
tion with 4 CPUs.

extentto which theseadvantagesof transactionalsyn-
chronizationfor general-purposeprocessorscarryover
to embeddedMPSoCarchitectures.

3. TransactionalMemory for Embedded
Systems

3.1 Simulation Platform

We developed our architecture on top of the
MPARM simulationframework [4, 14]. MPARM is
a cycle-accurate,multi-processorsimulatorwritten in
SystemCthatprovideshigh ßexibility in termsof de-
sign spaceexploration. The designercan use the
MPARM facilitiesto modelany simpleinstructionset
simulatorwith acomplex memoryhierarchy(support-
ing, for example,caches,scratchpadmemories,and
several typesof interconnects).Finally, MPARM in-
cludescycle-accuratepower modelsfor many of the
simulateddevices.Thepower modelshave beenchar-
acterizedby a 0.13µm technologyprovidedby STMi-
croelectronics[31].

As shown in Figure 1, the adoptedbasic sys-
tem conÞgurationconsistsof a variable numberof
ARM7 cores(eachhaving an 8KB direct-mappedL1
cache),a setof privatememories(256KB each),one
sharedmemory (256KB) and one bank (16KB) of
memory-mappedregisters which work as hardware
semaphores.Theinterconnectis anAMBA-compliant
communicationarchitecture[1]. A Cache-coherence
protocol (MESI) is also provided by snoopdevices
connectedto themasterports.Notethatwhile thepri-
vateandsharedmemoriesarearbitrarily sizedrather
large(256KB)they donotsigniÞcantlyimpacttheper-
formanceor power of our system(aswill beshown in
Section4).
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Figure 2. Architecture overview.

3.2 Implementation

The basic idea behind the TransactionalMemory
working modelis simple:eachtransactionis specula-
tively executedby the CPU and, if no conßictswith
anothertransactionare detected,its effects become
permanent(that is, the transactioncommits). Other-
wise,if conßictsaredetected,its effectsarediscarded
(that is, the transactionaborts), andthe transactionis
restarted.Hence,the supportof the hardware that a
TransactionalMemory generallyrequiresis 1) a safe
locationfor storing/modifyingtransactionaldata,and
2) a rollbackmechanismfor re-executingthe transac-
tion.

We modeledour TransactionalMemory after [13],
and implementeda small (512B) fully-associative
TransactionalCache(TC). TheTC is accessedin par-
allel with theL1 cache;its main taskis to manageall
theread/writeoperationsduringa transaction.Prelim-
inary experimentalresultssuggestthat most transac-
tionsarequitesmall,bothin commonbenchmarksand
evenin theLinux kernel[2]. Therefore,in this paper,
we do not considertransactionsthatwould exceedthe
capacityof ourTC.

Figure2 providesanoverview of the implemented
architecture.To starta transaction,theCPUcreatesa
local checkpointby saving thecontentsof its registers
into a small (128B) ScratchpadMemory (SPM) [6].
Note that during the time the CPU is writing into the
SPM,thepipelineis stalled.In ourcase,moreover, the
SPMmustbecarefully resizedin orderto containthe
entiresetof CPUregisters.

During theexecutionof thetransaction,two copies
of accesseddatawill bestoredin theTC, asshown in
Figure3. That is, two physicallines aremaintained
for eachaddress:one line storesthe backupcopy of
thedataandtheothercontainsthedatamodiÞeddur-
ing thetransaction.Thisschemerequiresadding2 ex-
tra bits to the cachecoherencetag vector. Thesebits
will allow us to distinguishbetweenthe backupcopy
(marked with the T COMMIT bit) and the modiÞed
data(marked with the T ABORTbit). If neitherbit
is set,this indicatesthatthedatain 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 transactionandthereforecanbeman-
agedin theusualmannerby thesnoopdevice.

In caseof a dataconßict, the snoopdevice noti-
ÞestheCPUwith theAbort Transactionsignalwhich
causesall theT ABORTlines to be invalidated.Once
the CPU receivesthe Abort Transaction signal, it 1)
stopsthe executionof the transaction,2) restoresthe
registersvaluesby readingfrom theSPM,andÞnally
3) changesits statusto Òlow powerÓmode.TheCPU
remainsin this low power mode for somerandom
backoff period after which it can begin re-executing
the transaction. The rangeof the backoff period is
tunedaccordingto the conßict rate. That is, the Þrst
time a transactionconßictsit waits an initial random
time period (< 100 cycles) beforerestarting. If the
transactionconßictsagain,the backoff periodis dou-
bledeachtimeuntil thetransactioncompletessuccess-
fully.

If thereis no conßict,andthetransactioncommits,
theTC invalidatestheT COMMIT linesandresetsthe
T ABORTbits of the tag vector. This resultsin the
linesthatweremarkedbeforeasT ABORT, now con-
taining useful data for the rest of the system. As a
consequence,thesnoopdevicewill managetheselines
accordingto thenativecachecoherenceprotocol.

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
cache,thecorrespondingL1 lineswill becopiedto the
TC andtheninvalidatedin theL1 (guaranteeingnon-
overlappingdata-sets).It is important to emphasize
that the snoopdevice will continueto manageall the
non-transactionalvalid lines (i.e., the lines which do
not have theT COMMIT, T ABORT, or INVALID bits
set)accordingto thestandardcache-coherenceproto-
col (theMESI scheme,in ourcase).

The software support for the transactionsis pro-
vided by a library of specialinstructionsthat are in-
voked using macros. The macrosproducea write

into a specialmemory-mappedlocation that controls
thesignalsStart TransactionandStopTransaction, as
shown in Figure2.

4 Experimental Results

In this section, we evaluate the power and per-
formance beneÞtsof using hardware transactional
memory with an embeddedmulti-core system. For
this purpose,we developeda parameterizablemicro-
benchmarkthat canbe usedto representa numberof
commonsharedmemoryaccesspatternsin embedded
applications.The micro-benchmarkconsistsof a se-
quenceof atomicoperationsexecutedonasharedma-
trix, which is logically subdividedinto overlappingre-
gions. To ensurethat concurrentaccessesto shared
datado not produceincorrectresults,processorsmust
obtainexclusive accessto eachregion. Using a con-
ventionalscheme,wewouldassociatealock with each
regionto ensurethatprocessorsdonotseeinconsistent
dataat the boundariesof the matrix. Sucha scheme
is typically usedin image-processingapplicationsfor
embeddedsystems(suchas plotters,printers,digital
cameras).To run the micro-benchmarkwith transac-
tional memory, we replacedthelocksandcritical sec-
tionsdeÞnedabovewith transactions.

Embeddedsystemapplicationsmay include vary-
ing computationalworkloadswithin critical sections,
aswell asoutsideof critical sections.To studytheef-
fect of suchvariations,we includefour differentcon-
Þgurationsof our micro-benchmark,marked as C1,
C2, C3, and C4, in Table 1. For example, C2 de-
notesamicro-benchmarkconÞgurationwith amedium
computationalworkloadinsidecritical sectionsanda
light computationalworkloadoutsideof them,mean-
ing that transactionscomposea large portion of the
micro-benchmark.

Benchmark Inside Outside
ConÞguration Crit. Section Crit. Section

C1 ! 60% ! 40%
C2 ! 85% ! 15%
C3 ! 20% ! 80%
C4 ! 5% ! 95%

Table 1. Micr o-benc hmark workload charac-
terization.

Figure4 shows the systemenergy of the different
micro-benchmarkconÞgurationsrunningon 4, 8, and
10 CPUs. Varying the numberof CPUsallows us to
explore the scalability of using transactionswith in-
creasingamountsof interconnectcongestion.Thesys-
tem energy representsthe sum of the energy of the
cores,transactionalcaches(TC), L1 caches,scratch-
padmemories,RAMs andbuses.Eachgroupof bars
representsa micro-benchmarkconÞgurationfrom Ta-
ble1 (C1ÐC4). Theleftmostpairof barsin eachgroup
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Figure 4. System energy of diff erent micr o-
benc hmark conÞgurations with 4, 8, and 10
CPUs using loc ks (4, 8, 10p) and transactions
(4, 8, 10p t). The results within each group
are normaliz ed with respect to 4p.

representsthesystemenergy whenrunningon4 CPUs
andusinglocks (4p), or transactions(4p t). The sec-
ondandthird pairsof barsin eachgrouphave a simi-
lar representationfor 8 (8p, 8p t) and10 (10p, 10p t)
CPUs,respectively. Resultswithin eachgrouparenor-
malizedwith respectto theÞrstbar in thegroup(4p).
Figure5 usessimilarnotationto show theoverall exe-
cutiontime for thedifferentmicro-benchmarkconÞg-
urationsrelative to the4pconÞguration.

From looking at the Þrst two groups of bars of
Figures4 and 5 (C1 and C2), we seethat replacing
locks with transactionsreducesthe systemenergy by
10%Ð31%andexecutiontime by 42%Ð64%,relative
to a conÞgurationwith the samenumberof proces-
sors,but using locks insteadof transactionsfor syn-
chronization.By contrast,the last two groupsof bars
(C3 andC4) show that althoughreplacinglocks with
transactionshasa negligible effect on the execution
time, it hasa noticeablynegative effect on systemen-
ergy. In thesemicro-benchmarkconÞgurations,most
of the computationoccursoutsidethe synchronized
code,sotransactionsdonotplayamajorrole. Thead-
ditionalenergy is consumedby thetransactionalcache
describedin Section3. In thesimpledesignconsidered
here,the transactionalcacheis active for theduration
of micro-benchmarkexecutionsince,oncea transac-
tion commits,it is possiblethattheonly valid copy of
certaindataresidesin this cache. It follows that ev-
ery accessto the L1 cacherequiresa parallel access
to the transactionalcache,even if no transactionis in
progress.For micro-benchmarkconÞgurationsC1and
C2, this additionalenergy is more than balancedby
eliminating the extra energy consumedby locks, but
not for conÞgurationsC3 andC4, which do muchless
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Figure 5. Execution time of diff erent micr o-
benc hmark conÞgurations with 4, 8, and 10
CPUs using loc ks (4, 8, 10p) and transactions
(4, 8, 10p t). The results within each group
are normaliz ed with respect to 4p.

synchronization.Theseresultssuggestthat it would
beworth investigatingmorecomplex implementations
that,for example,emptyandpower down thetransac-
tional cachewhenno transactionis in progress.Our
preliminary experimentsusing such an implementa-
tion suggestthat energy consumptioncould be im-
proved substantially. For example,on a systemwith
8 CPUs,theenergy consumptionfor benchmarkcon-
ÞgurationsC3 andC4 would be reducedby 16%and
18% respectively, comparedto resultsshown in Fig-
ure4 for the8p t case.In otherwords,theoverall en-
ergy consumptionof the systemwould remainabout
the samewhethera lock-basedor transaction-based
synchronizationschemewere usedfor the C3 or C4
conÞgurations.This makes sensesince the fraction
of time spentexecutingcritical sectionsof the code
is quitesmall.

To geta betterunderstandingof theoverall energy
consumption,Figure6 shows the energy distribution
for theC1 micro-benchmarkconÞgurationwith trans-
actionsand four CPUs.1 As may be expected,the
cachesandCPUsarethemostsigniÞcantcontributors
to thesystemenergy (theRAMs areon-chip,andcon-
sumea very small fraction of the energy). It is no-
tablethat thetransactionalcaches(TC) andtheCPUs
consumecomparableamountsof energy (20.65%and
19.47% respectively). The transactionalcacheis a
fully-associative cache,which explains its high en-
ergy consumption. Theseresultsfurther emphasize
the needto consideralternative schemesfor operat-
ing the transactionalcache,especiallywhen running
applicationswheretransactionsmake up a relatively

1Energy distributionfor otherconÞgurationsusingtransactions
showedsimilar results.
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Figure 6. Energy Distrib ution for benc hmark
C1 with transactions and 4 CPUs (4p t).

small portion of the total executiontime. While our
initial experimentssuggestsubstantialenergy beneÞts
from beingableto turnoff theTC whentheCPUis not
executingtransactionalcode,futurework will investi-
gatemoreprecisehardwareandsoftwaresolutionsfor
dealingwith this issue.

To summarizeour results,Figure7 shows the en-
ergy delay product (EDP) of the different micro-
benchmarkconÞgurations.Note from the Þgurethat
transactionsintroducesubstantialimprovementsover
locks for theC1 andC2 micro-benchmarkconÞgura-
tions, mainly throughreductionof overall execution
time. For example,theC1 conÞgurationwith transac-
tions and8 CPUs(8p t) obtainsa systemenergy re-
duction of 23%, a 62% shorterexecution time, and
a 71% betterEDP over the sameconÞgurationwith
locks (8p). Table2 summarizesthe experimentalre-
sults for C1 and C2. Although increasingthe time
spentinsidea transactionincreasestheprobability for
conßicts,transactionalmemorystill managesto obtain
higherthroughputandlowerenergy.

ConÞguration System Exec. EDP%
Energy% Time%

C1
4p t vs.4p 89.8% 57.6% 51.7%
8p t vs.8p 77.7% 38.1% 29.6%

10p t vs.10p 77.7% 48.2% 37.4%
C2

4p t vs.4p 81.7% 49.6% 40.5%
8p t vs.8p 69.7% 36.5% 25.5%

10p t vs.10p 69.1% 36.9% 25.5%

Table 2. Summar y of C1, C2results (lower val-
ues are better).
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Figure 7. Energy*Dela y Product (EPD), nor -
maliz ed with respect to 4p.

5. Conclusions

Weview thiswork asaÞrststeptowardunderstand-
ing theextentto whichapplicationsonembeddedMP-
SoCarchitecturescanbeneÞtfrom transactionalsyn-
chronization.In particular, we arethe Þrstto present
a transactionalmemorysolution for a SoC platform
technologythat is modeledwith cycle-accuratepreci-
sion, and with accuratepower models. We usefre-
quency andpower numbersandarchitecturalassump-
tions that areappropriatefor an embeddedmultipro-
cessorbasedon simplecores. Our resultsshow that,
while transactionalmemorycanprovide clearperfor-
manceadvantages,carefulconsiderationto hardware
designis essentialin order to meet the tight energy
constraintsof an embeddedsystem. This Þnding is
substantiallydifferentfrom oneobtainedwhenanalyz-
ing transactionalmemoryon a generalpurposeplat-
form, sinceenergy consumptionis not so tightly con-
strainedfor thesesystemsandthehardwareto support
transactionalmemorycontributesamuchsmallerfrac-
tion to overall energy, asreportedin [19]. Still, even
with thesetight energy constraints,our resultsshow
substantialimprovementin termsof both energy and
performancearepossibleusingtransaction-basedsyn-
chronizationonanembeddedplatform.

SigniÞcantwork remainsto be doneto investigate
other benchmarksand a wider rangeof architectural
choicesandhardwareimplementations.Oneinterest-
ing questionis whetherembeddedapplicationswill
requirenew hardwaremechanismsto supportembed-
dedapplications.For example,little is known about
how transactionalsynchronizationinteractswith pat-
ternssuchassoftwarepipelining,or with softreal-time
constraints.
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