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Abstract

Manufacturers are focusing on multiprocessor-system-
on-a-chip (MPSoC) architectures in order to provide in-
creased concurrency, rather than increased clock speed, for
both large-scale as well as embedded systems. Tradition-
ally lock-based synchronization is provided to support con-
currency; however, managing locks can be very difficult and
error prone. In addition, the performance and power cost
of lock-based synchronization can be high. Transactional
memories have been extensively investigated as an alterna-
tive to lock-based synchronization in general-purpose sys-
tems. It has been shown that transactional memory has
advantages over locks in terms of ease of programming,
performance and energy consumption. However, their ap-
plicability to embedded multi-core platforms has not been
explored yet. In this paper, we demonstrate a complete
hardware transactional memory solution for an embed-
ded multi-core architecture, consisting of a cache-coherent
ARM-based cluster, similar to ARM’s MPCore. Using cy-
cle accurate power and performance models for the trans-
actional memory hardware, we evaluate our architectural
framework over a set of different system and application
settings, and show that transactional memory is a promis-
ing solution, even for resource-constrained embedded mul-
tiprocessors.

1 Introduction

Multi-corearchitectureshavebecomepervasivein large-
scaledigital integratedsystems.Manufacturersof general-
purposeprocessorshave essentiallygiven up trying to

increaseclock speed,and insteadare now focusing on
multiprocessor-system-on-a-chip(MPSoC) architectures,
in whichmultipleprocessorsresidingonasinglechipcom-
municatedirectly through sharedhardware caches,pro-
viding increasedconcurrency insteadof increasedclock
speed[8]. Integrated platforms for embeddedapplica-
tions areeven moreaggressively pushingcore-level paral-
lelism. SoCswith tensof coresarecommonplace[23, 30,
32], and platformswith hundredsof coreshave beenan-
nounced[24].

In principle, multi-core architectureshave the advan-
tagesof increasedpower-performancescalability (assum-
ing on-chipinterconnectscaleswell [7]) andfasterdesign
cycle time (by exploiting replicationof pre-designedcom-
ponents). However, performanceand power bene�ts can
beobtainedonly if applicationsexploit a high level of con-
currency. Indeed,oneof the toughestchallengesto be ad-
dressedbymulti-corearchitectsishow tohelpprogrammers
exposeapplicationparallelism.

Embeddedapplicationsin multimedia, imaging, and
communication,haveahighdegreeof exposedthread-level
parallelism,and this is one of the main reasonsfor the
rapiddiffusionof multi-corearchitecturesin embeddedsys-
tems[9]. However, managingconcurrency is noteasy. One
major issueis how to synchronizeconcurrentaccessesto
memory. Whenmultiple threadsaccessashareddatastruc-
ture,caremustbe taken to ensurethatconcurrentaccesses
donot interfere.Embeddedmulti-corearchitecturesusually
provide lock-basedsynchronizationsupport for this pur-
pose.

Lock-basedsynchronizationrelies on dedicatedhard-
ware. Atomic read-modify-writememoryaccessis prob-
ably themostcommonlydeployedsynchronizationmecha-



nism(e.g.,it is usedin theARM MPCorearchitecture[5]).
It requiressupportin the processortile, in the communi-
cation fabric, and/orin the memorytargets. For instance,
MPCore relies on hardware support for locked transac-
tions in the systeminterconnect. Other architecturesuse
semaphoretarget devices [22] that provide direct atomic
read-modify-writesupport.

Embeddedplatformsarealmostinvariantlydeployed in
tightly resourceconstrainedcontexts. Hence,the perfor-
manceandpower costof synchronizationis a seriouscon-
cern that is further compoundedby the issueof provid-
ing effective programmingabstractions.In fact,managing
locks is very dif�cult anderror prone. Deadlocksaredif-
�cult to avoid, especiallywhensystemshave multiple re-
sources.Moreover, evenwhenthesystemis operatingcor-
rectly, conditionslike lock spinningmay imposea signi�-
cantoverheadin powerandperformance,sincethey tendto
�ood theinterconnectwith uselesstransactions.

Transactionalmemorieshave beenextensively investi-
gatedin general-purposesystemsasanalternative to lock-
basedsynchronization(e.g.,[13,16,18,10]). Transactional
memoryenablesspeculative executionof threadswithout
acquiring locks, guaranteeingthat transactionsappearto
executeatomically. Transactionalmemoryhasadvantages
over locks in termsof easeof programming,performance,
andenergy consumption[19, 25]. However, their applica-
bility to embeddedmulti-coreplatforms,basedon simple
coresandmemorysysteminterfaces,hasnotbeenexplored
yet. The main objective of this paperis to demonstrate,
for the �rst time, a completehardwaretransactionalmem-
ory solutionfor anembeddedmulti-corearchitecture,con-
sistingof a cache-coherentARM-basedcluster, similar to
ARM' s MPCore.We have developedcycle accuratepower
andperformancemodelsfor thetransactionalmemoryhard-
ware, and we developeda lean software library that sup-
portscritical sectionsbasedon transactionalmemory. This
hardware-softwareframework hasbeenevaluatedoveraset
of differentsystemandapplicationsettings. Our analysis
shows that, while transactionalmemorycanprovide clear
performanceadvantages,carefulconsiderationto hardware
designis essentialin order to meetthe tight energy con-
straintsof anembeddedmultiprocessorplatform.Still, even
with thesetight energy constraints,our resultsshow up to
a 23% reductionin energy consumption,a 62% reduction
in executiontime, anda 75% improvementin energy de-
lay productfor anembeddedapplicationusingtransactional
synchronizationcomparedto theapplicationusinglocks.

2 Background and Previous Work

Locks are the most commonapproachto synchroniza-
tion. A lock indicateswhethera shareddataobject is in
use. A threadmust acquirea lock before accessingthe

sharedobject,andreleasethe lock after it is done. Locks
maybebe implementedin many differentways,including
semaphoresor interrupts.

Despitetheir widespreaduse,lockshave seriouslimita-
tions. Coarse-grainedlocks,which protectrelatively large
amountsof data,simply do not scale. Threadsblock one
anotherevenwhenthey donot really interfere,andthelock
itself becomesa sourceof contention.Fine-grainedlocks,
whichprotectsmallerregionsof memory, mayappearmore
scalable,but they are dif�cult to useeffectively and cor-
rectly. In particular, they introducesubstantialsoftwareen-
gineeringproblems,sincetheconventionsassociatinglocks
with objectsbecomemorecomplex anderror-prone.Locks
alsocausevulnerability to threadfailuresanddelays: if a
threadholding a lock is delayedby a pagefault, or con-
text switch,otherrunningthreadsmay be blocked. Locks
alsoinhibit concurrency becausethey mustbeusedconser-
vatively: a threadmustacquirea lock whenever thereis a
possibilityof asynchronizationcon�ict, evenif suchacon-
�ict is actuallyrare. Finally, locks have a disadvantagein
termsof energy consumption[19].

Transactionalmemory[13] is aspeculativealternativeto
locks. Transactionalmemorycanbe implementedin hard-
ware[16, 21,25,27] or in software[10, 11,12,15,17,28],
or asa hybrid hardware-softwarecombination[3, 18, 26].
In this paper, we investigate transactionalsynchronization
speci�cally for embeddedarchitectures.We focuson hard-
waretransactionalmemory, sincewe feel this implementa-
tion is moreappropriatefor theneedsof embeddedsystems.
A moredetailedoverview of hardwaretransactionalmem-
ory follows.

In transactionalmemory, eachtransactionis executed
speculatively by asinglethreadwithoutacquiringa lock. If
the transactioncompleteswithout con�icting with another
transaction,it commits,andits effectsbecomepermanent.
Otherwise,if con�icts were detectedduring executionby
thenative hardwarecachecoherenceprotocol,the transac-
tion aborts,its effectsarediscarded,andthe transactionis
restartedata latertime.

Until a transactioncommits, its effects are not visible
outside the transactionitself. To ensuresuch isolation,
hardwaretransactionalmemorykeepstentativeupdatesin a
thread-localcache.If thetransactioncommits,thesemodi-
�ed entriesmaybewritten backto memory. Datacon�icts
with othertransactionswill bedetectedby thenative cache
coherencemechanism.If a con�ict is detected,thetransac-
tion is aborted,andits effectsarediscarded.

Transactionalmemoryrequiresa checkpointingmech-
anismto supportroll-back and re-issueof transactionsin
caseof a con�ict. Variouscheckpointingmechanismshave
beenproposedfor recovering processorstate. Many of
thesetechniquesperiodicallycreatea system-widelogical
checkpointof the system,which includesthe stateof the
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Figure 1. Example of the system con�gura­
tion with 4 CPUs.

processorregisters,memoryvalues,andcoherencepermis-
sions[29, 20]. For our purposes,it is suf�cient to check-
point the local registersof the processorthat startedthe
transaction.

Transactionalmemory improves easeof programming
and performanceof sharedmemorymultiprocessors[13].
Hardwaretransactionalmemoryprovidesa level of concur-
rency at leastequivalentto the�nest granularitylocking,at
a modesthardwarecost [25]. Transactionalmemoryalso
hasan advantageover locks in termsof energy consump-
tion [19], dueto reducedcontentionandtheabsenceof lock
acquisitionoverhead.

In this paper, we take a �rst stepto investigate the ex-
tentto whichtheseadvantagesof transactionalsynchroniza-
tion for general-purposeprocessorscarryover to embedded
MPSoCarchitectures.

3. Transactional Memory for Embedded
Systems

3.1 Simulation Platform

We developedour architectureon top of the MPARM
simulationframework [4, 14]. MPARM is acycle-accurate,
multi-processorsimulatorwritten in SystemCthatprovides
high �e xibility in termsof designspaceexploration. The
designercanusetheMPARM facilitiesto modelany simple
instructionsetsimulatorwith a complex memoryhierarchy
(supporting,for example,caches,scratchpadmemories,and
several typesof interconnects).Finally, MPARM includes
cycle-accuratepowermodelsfor many of thesimulatedde-
vices. The power modelshave beencharacterizedby a
0.13� m technologyprovidedby STMicroelectronics[31].
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Figure 2. Architecture overview.

As shown in Figure 1, the adoptedbasicsystemcon-
�guration consistsof a variable numberof ARM7 cores
(each having an 8KB direct-mappedL1 cache), a set
of private memories(256KB each),one sharedmemory
(256KB) and one bank (16KB) of memory-mappedreg-
isters which work as hardware semaphores. The inter-
connectis an AMBA-compliant communicationarchitec-
ture [1]. A Cache-coherenceprotocol(MESI) is alsopro-
videdby snoopdevicesconnectedto themasterports.Note
that while the privateandsharedmemoriesarearbitrarily
sizedratherlarge(256KB) they do not signi�cantly impact
theperformanceor power of our system(aswill beshown
in Section4).

3.2 Implementation

ThebasicideabehindtheTransactionalMemorywork-
ing modelis simple: eachtransactionis speculatively exe-
cutedby theCPUand,if no con�icts with anothertransac-
tion aredetected,its effectsbecomepermanent(that is, the
transactioncommits). Otherwise,if con�icts aredetected,
its effectsarediscarded(thatis, thetransactionaborts), and
thetransactionis restarted.Hence,thesupportof thehard-
warethat a TransactionalMemory generallyrequiresis 1)
asafelocationfor storing/modifyingtransactionaldata,and
2) a rollbackmechanismfor re-executingthetransaction.

We modeledour TransactionalMemory after [13], and
implementeda small (512B) fully-associative Transac-
tional Cache (TC). TheTC is accessedin parallelwith the
L1 cache;its maintaskis to manageall theread/writeoper-
ationsduring a transaction. Preliminaryexperimentalre-
sults suggestthat most transactionsare quite small, both
in commonbenchmarksandeven in the Linux kernel [2].
Therefore,in this paper, we do not considertransactions
thatwouldexceedthecapacityof ourTC.
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Figure 3. The TC maintains two copies for
each line and is exclusive to the L1 cache.

Figure 2 provides an overview of the implementedar-
chitecture. To start a transaction,the CPU createsa lo-
cal checkpointby saving thecontentsof its registersinto a
small(128B)ScratchpadMemory(SPM)[6]. Notethatdur-
ing the time theCPUis writing into theSPM,thepipeline
is stalled.In ourcase,moreover, theSPMmustbecarefully
resizedin orderto containtheentiresetof CPUregisters.

During the executionof the transaction,two copiesof
accesseddatawill be storedin the TC, as shown in Fig-
ure 3. That is, two physical lines aremaintainedfor each
address:oneline storesthebackupcopy of thedataandthe
othercontainsthedatamodi�ed duringthetransaction.This
schemerequiresadding2 extra bits to thecachecoherence
tagvector. Thesebits will allow us to distinguishbetween
thebackupcopy (markedwith theT COMMIT bit) andthe
modi�ed data(marked with the T ABORT bit). If neither
bit is set,this indicatesthat thedatain the line is not con-
tainedwithin a transactionandthereforecanbemanagedin
theusualmannerby thesnoopdevice.

In caseof a datacon�ict, the snoopdevice noti�es the
CPU with the Abort Transaction signal which causesall
the T ABORT lines to be invalidated. Oncethe CPU re-
ceivestheAbort Transaction signal,it 1) stopstheexecu-
tion of the transaction,2) restoresthe registersvaluesby
readingfrom the SPM,and�nally 3) changesits statusto
“low power” mode. The CPU remainsin this low power
modefor somerandombackoff periodafterwhichit canbe-
gin re-executingthe transaction.The rangeof the backoff
period is tunedaccordingto the con�ict rate. That is, the
�rst time a transactioncon�icts it waits an initial random
timeperiod(< 100cycles)beforerestarting.If thetransac-
tion con�icts again,thebackoff periodis doubledeachtime
until thetransactioncompletessuccessfully.

If there is no con�ict, and the transactioncommits,

the TC invalidates the T COMMIT lines and resetsthe
T ABORT bits of the tag vector. This resultsin the lines
thatweremarkedbeforeasT ABORT, now containinguse-
ful datafor the restof the system.As a consequence,the
snoopdevice will managetheselines accordingto the na-
tivecachecoherenceprotocol.

For correct implementation,the systemneedsa write-
back(with write-allocate)cachepolicy, (e.g.,all thewrites
have to be donewithin the TC). In addition, if the TC re-
quiresdatacontainedin the L1 cache,the corresponding
L1 lines will be copiedto the TC and then invalidatedin
the L1 (guaranteeingnon-overlappingdata-sets).It is im-
portantto emphasizethatthesnoopdevice will continueto
manageall the non-transactionalvalid lines (i.e., the lines
whichdonothave theT COMMIT, T ABORT, or INVALID
bitsset)accordingto thestandardcache-coherenceprotocol
(theMESI scheme,in ourcase).

The software support for the transactionsis provided
by a library of specialinstructionsthat are invoked using
macros.Themacrosproduceawrite into aspecialmemory-
mappedlocationthatcontrolsthesignalsStart Transaction
andStop Transaction, asshown in Figure2.

4 Experimental Results

In this section,we evaluatethe power andperformance
bene�ts of using hardware transactionalmemorywith an
embeddedmulti-coresystem.For this purpose,we devel-
opeda parameterizablemicro-benchmarkthat canbe used
to representa numberof commonsharedmemoryaccess
patternsin embeddedapplications.The micro-benchmark
consistsof a sequenceof atomicoperationsexecutedon a
sharedmatrix, which is logically subdivided into overlap-
ping regions. To ensurethatconcurrentaccessesto shared
datado not produceincorrectresults,processorsmustob-
tain exclusive accessto each region. Using a conven-
tional scheme,we would associatea lock with eachregion
to ensurethat processorsdo not seeinconsistentdata at
the boundariesof the matrix. Sucha schemeis typically
usedin image-processingapplicationsfor embeddedsys-
tems(suchasplotters,printers,digital cameras).To run the
micro-benchmarkwith transactionalmemory, we replaced
the locks andcritical sectionsde�ned above with transac-
tions.

Embeddedsystem applicationsmay include varying
computationalworkloadswithin critical sections,as well
asoutsideof critical sections.To studythe effect of such
variations,we include four differentcon�gurationsof our
micro-benchmark,marked as C1, C2, C3, andC4, in Ta-
ble 1. For example,C2 denotesa micro-benchmarkcon�g-
urationwith a mediumcomputationalworkloadinsidecrit-
ical sectionsanda light computationalworkloadoutsideof
them,meaningthattransactionscomposea largeportionof
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themicro-benchmark.

Benchmark Inside Outside
Con�guration Crit. Section Crit. Section

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

Table 1. Micr o­benc hmark workload charac­
terization.
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Figure 4. System energy of diff erent micr o­
benc hmark con�gurations 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.

Figure4 showsthesystemenergy of thedifferentmicro-
benchmarkcon�gurationsrunningon 4, 8, and10 CPUs.
Varyingthenumberof CPUsallows usto explorethescal-
ability of usingtransactionswith increasingamountsof in-
terconnectcongestion. The systemenergy representsthe
sumof the energy of the cores,transactionalcaches(TC),
L1 caches,scratchpadmemories,RAMs andbuses. Each
groupof barsrepresentsa micro-benchmarkcon�guration
from Table1 (C1–C4). The leftmostpair of barsin each
group representsthe systemenergy when running on 4
CPUsandusinglocks(4p), or transactions(4p t). Thesec-
ondandthird pairsof barsin eachgrouphaveasimilar rep-
resentationfor 8 (8p, 8p t) and10 (10p, 10p t) CPUs,re-
spectively. Resultswithin eachgrouparenormalizedwith
respectto the�rst barin thegroup(4p). Figure5 usessimi-
lar notationto show theoverallexecutiontimefor thediffer-
entmicro-benchmarkcon�gurationsrelative to the4p con-
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Figure 5. Execution time of diff erent micr o­
benc hmark con�gurations 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.

�guration.
Fromlookingat the�rst two groupsof barsof Figures4

and5 (C1 andC2), we seethat replacinglockswith trans-
actionsreducesthe systemenergy by 10%–31%andexe-
cution time by 42%–64%,relative to a con�guration with
the samenumberof processors,but usinglocks insteadof
transactionsfor synchronization.By contrast,the last two
groupsof bars(C3 andC4) show that althoughreplacing
locks with transactionshasa negligible effect on the exe-
cution time, it hasa noticeablynegative effect on system
energy. In thesemicro-benchmarkcon�gurations,mostof
the computationoccursoutsidethe synchronizedcode,so
transactionsdo not play a major role. The additionalen-
ergy is consumedby the transactionalcachedescribedin
Section3. In thesimpledesignconsideredhere,the trans-
actionalcacheis activefor thedurationof micro-benchmark
executionsince,oncea transactioncommits,it is possible
thattheonly valid copy of certaindataresidesin thiscache.
It followsthateveryaccessto theL1 cacherequiresaparal-
lel accessto the transactionalcache,even if no transaction
is in progress.For micro-benchmarkcon�gurationsC1 and
C2, this additionalenergy is morethanbalancedby elimi-
natingtheextraenergy consumedby locks,but not for con-
�gurationsC3 andC4, whichdomuchlesssynchronization.
Theseresultssuggestthat it would be worth investigating
more complex implementationsthat, for example,empty
andpower down the transactionalcachewhenno transac-
tion is in progress.Ourpreliminaryexperimentsusingsuch
an implementationsuggestthat energy consumptioncould
be improved substantially. For example,on a systemwith
8 CPUs,theenergy consumptionfor benchmarkcon�gura-

5



59.03% 0.26%

20.65%0.58%
19.47%

caches SPMs

TCs RAMs CPUs

Figure 6. Energy Distrib ution for benc hmark
C1 with transactions and 4 CPUs (4p t).

tionsC3 andC4 wouldbereducedby 16%and18%respec-
tively, comparedto resultsshown in Figure4 for the 8p t
case.In otherwords,theoverallenergy consumptionof the
systemwould remainaboutthesamewhethera lock-based
or transaction-basedsynchronizationschemewereusedfor
the C3 or C4 con�gurations. This makes sensesincethe
fractionof timespentexecutingcritical sectionsof thecode
is quitesmall.

To geta betterunderstandingof theoverall energy con-
sumption,Figure 6 shows the energy distribution for the
C1 micro-benchmarkcon�guration with transactionsand
four CPUs.1 As may be expected,the cachesand CPUs
are the mostsigni�cant contributors to the systemenergy
(theRAMs areon-chip,andconsumea very small fraction
of the energy). It is notablethat the transactionalcaches
(TC) and the CPUsconsumecomparableamountsof en-
ergy (20.65%and19.47%respectively). The transactional
cacheis a fully-associative cache,which explains its high
energy consumption.Theseresultsfurther emphasizethe
needto consideralternativeschemesfor operatingthetrans-
actionalcache,especiallywhenrunningapplicationswhere
transactionsmake up a relatively small portionof the total
executiontime. While our initial experimentssuggestsub-
stantialenergy bene�ts from beingableto turn off the TC
when the CPU is not executingtransactionalcode,future
work will investigatemoreprecisehardwareandsoftware
solutionsfor dealingwith this issue.

To summarizeour results,Figure7 showstheenergy de-
lay product(EDP) of the differentmicro-benchmarkcon-
�gurations. Note from the �gure that transactionsintro-

1Energy distribution for other configurations using transactions showed
similar results.

ducesubstantialimprovementsoverlocksfor theC1 andC2
micro-benchmarkcon�gurations,mainly throughreduction
of overall executiontime. For example,the C1 con�gura-
tion with transactionsand8 CPUs(8p t) obtainsa system
energy reductionof 23%, a 62% shorterexecution time,
and a 71% betterEDP over the samecon�guration with
locks (8p). Table 2 summarizesthe experimentalresults
for C1 andC2. Although increasingthe time spentinside
a transactionincreasesthe probability for con�icts, trans-
actionalmemorystill managesto obtainhigherthroughput
andlowerenergy.
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Figure 7. Energy*Dela y Product (EPD), nor ­
maliz ed with respect to 4p.

Con�guration 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, C2 results (lower val­
ues are better).

5. Conclusions

We view this work asa �rst steptoward understanding
the extent to which applicationson embeddedMPSoCar-
chitecturescanbene�t from transactionalsynchronization.
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In particular, wearethe�rst to presentatransactionalmem-
ory solution for a SoC platform technologythat is mod-
eledwith cycle-accurateprecision,andwith accuratepower
models. We usefrequency andpower numbersandarchi-
tecturalassumptionsthat areappropriatefor an embedded
multiprocessorbasedon simple cores. Our resultsshow
that,while transactionalmemorycanprovide clearperfor-
manceadvantages,carefulconsiderationtohardwaredesign
is essentialin orderto meetthe tight energy constraintsof
anembeddedsystem.This �nding is substantiallydifferent
from one obtainedwhen analyzingtransactionalmemory
onageneralpurposeplatform,sinceenergy consumptionis
not so tightly constrainedfor thesesystemsandthe hard-
ware to supporttransactionalmemorycontributesa much
smallerfractionto overall energy, asreportedin [19]. Still,
even with thesetight energy constraints,our resultsshow
substantialimprovementin termsof bothenergy andperfor-
mancearepossibleusingtransaction-basedsynchronization
onanembeddedplatform.

Signi�cant work remainsto bedoneto investigateother
benchmarksanda wider rangeof architecturalchoicesand
hardware implementations. One interestingquestion is
whetherembeddedapplicationswill requirenew hardware
mechanismsto supportembeddedapplications.For exam-
ple, little is known abouthow transactionalsynchronization
interactswith patternssuchassoftwarepipelining,or with
soft real-timeconstraints.
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