An Hardwar e/Softwar e Framework for supporting Transactional Memory
in a MPSoC Environment

Cesare Ferrit, Tai Moreshet?, R.Iris Bahar!, Luca Benini®, and Maurice Herlihy*

!Brown University, Division of Engineering, Providence, Rl 02912, USA
2Qwarthmore College, Department of Engineering, Swarthmore, PA 19081, USA
3Dipartimento di Elettronica, Informatica e Sistemistica, University of Bologna, 40136 Bologna, Italy
“Brown University, Department of Computer Science, Providence, Rl 02912, USA

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-core architecturedave becomepenasvein large-
scaledigital integratedsystems Manufacturersof general-
purpose processorshave essentiallygiven up trying to

increaseclock speed,and insteadare now focusing on

multiprocessosystem-on-a-chip(MPSoC) architectures,
in whichmultiple processorsesidingon a singlechip com-

municatedirectly through sharedhardware caches,pro-

viding increasedconcurreng insteadof increasedclock

speed[8]. Integrated platforms for embeddedapplica-
tions are even more aggressiely pushingcore-level paral-

lelism. SoCswith tensof coresarecommonplacg23, 30,

32], and platformswith hundredsof coreshave beenan-

nounced?24].

In principle, multi-core architectureshave the advan-
tagesof increasedpower-performancescalability (assum-
ing on-chipinterconnecscaleswell [7]) andfasterdesign
cycle time (by exploiting replicationof pre-designed¢om-
ponents). However, performanceand power bene ts can
be obtainedonly if applicationsexploit a high level of con-
curreng. Indeed,one of thetoughestchallengedo be ad-
dressedby multi-corearchitectss how to helpprogrammers
exposeapplicationparallelism.

Embeddedapplicationsin multimedia, imaging, and
communicationhave a high degreeof exposedhread-l@el
parallelism, and this is one of the main reasonsfor the
rapiddiffusionof multi-corearchitecturesn embeddedys-
tems[9]. However, managingconcurreng is noteasy One
major issueis how to synchronizeconcurrentaccesse$o
memory Whenmultiple threadsaccess shareddatastruc-
ture, caremustbe takento ensurethat concurreniaccesses
donotinterfere.Embeddednulti-corearchitecturesisually
provide lock-basedsynchronizationsupportfor this pur
pose.

Lock-basedsynchronizationrelies on dedicatedhard-
ware. Atomic read-modify-writememoryaccesss prob-
ably the mostcommonlydeplo/ed synchronizatioomecha-



nism(e.g.,it is usedin the ARM MPCorearchitecturg5]).
It requiressupportin the processottile, in the communi-
cationfabric, and/orin the memorytamets. For instance,
MPCore relies on hardware supportfor locked transac-
tions in the systeminterconnect. Other architecturesuse
semaphordarget devices [22] that provide direct atomic
read-modify-writesupport.
Embeddedlatformsarealmostinvariantly deployedin
tightly resourceconstrainedcontexts. Hence,the perfor
manceandpower costof synchronizations a seriouscon-
cern that is further compoundecdby the issueof provid-
ing effective programmingabstractionsin fact, managing
locks is very dif cult anderror prone. Deadlocksare dif-
cult to avoid, especiallywhen systemshave multiple re-
sourcesMoreover, evenwhenthe systemis operatingcor
rectly, conditionslike lock spinningmay imposea signi -
cantoverheadn powerandperformancesincethey tendto
ood theinterconnectvith uselesdransactions.
Transactionamemorieshave beenextensvely investi-
gatedin general-purpossystemsasan alternatve to lock-
basedsynchronizatiorfe.g.,[13,16,18,10]). Transactional
memory enablesspeculatie executionof threadswithout
acquiring locks, guaranteeinghat transactionsappearto
executeatomically Transactionamemoryhasadwantages
over locksin termsof easeof programming performance,
andenegy consumptior{19, 25]. However, their applica-
bility to embeddednulti-core platforms,basedon simple
coresandmemorysysteminterfaceshasnot beenexplored
yet. The main objective of this paperis to demonstrate,
for the rst time, a completehardwaretransactionamem-
ory solutionfor anembeddednulti-corearchitecturecon-
sisting of a cache-coherem\RM-basedcluster similar to
ARM's MPCore.We have developedcycle accuratgpower
andperformancenodelsfor thetransactionanemoryhard-
ware, and we developeda lean software library that sup-
portscritical sectionshasedon transactionamemory This
hardware-softvareframevork hasheenevaluatedover a set
of differentsystemand applicationsettings. Our analysis
shaows that, while transactionamemorycan provide clear
performanceadvantagescarefulconsideratiorio hardware
designis essentialin orderto meetthe tight enegy con-
straintsof anembeddednultiprocessoplatform. Still, even
with thesetight enegy constraintspur resultsshav up to
a 23% reductionin enegy consumptiona 62% reduction
in executiontime, anda 75% improvementin enegy de-
lay productfor anembeddedpplicationusingtransactional
synchronizatiotomparedo the applicationusinglocks.

2 Background and Previous Work

Locks are the mostcommonapproachto synchroniza-
tion. A lock indicateswhethera shareddataobjectis in
use. A threadmustacquirea lock before accessinghe

sharedobject, andreleasethe lock afterit is done. Locks
may be beimplementedn mary differentways,including
semaphoresr interrupts.

Despitetheir widespreadise,locks have seriouslimita-
tions. Coarse-grainetbcks, which protectrelatively large
amountsof data,simply do not scale. Threadsblock one
anotherevenwhenthey do notreally interfere,andthelock
itself becomesa sourceof contention. Fine-grainedocks,
which protectsmallerregionsof memory mayappeamore
scalable,but they are dif cult to useeffectively and cor
rectly. In particulay they introducesubstantiatoftwareen-
gineeringproblemssincethe corventionsassociatingocks
with objectsbhecomanorecomplex anderrorprone.Locks
also causevulnerability to threadfailuresand delays:if a
threadholding a lock is delayedby a pagefault, or con-
text switch, otherrunningthreadsmay be blocked. Locks
alsoinhibit concurreng becaus¢hey mustbeusedconser
vatively: athreadmustacquirea lock wheneer thereis a
possibility of asynchronizatiorcon ict, evenif suchacon-

ict is actuallyrare. Finally, locks have a disadwantagein
termsof enegy consumptiorj19].

Transactionainemory[13] is aspeculatie alternatve to
locks. Transactionamemorycanbe implementedn hard-
ware[16,21,25,27] orin software[10, 11,12,15,17,28],
or asa hybrid hardware-softvare combination[3, 18, 26].
In this paper we investigate transactionakynchronization
speci cally for embeddedrchitecturesWe focuson hard-
waretransactionamemory sincewe feel this implementa-
tion is moreappropriatdor theneedof embeddedystems.
A moredetailedovervien of hardwaretransactionamem-
ory follows.

In transactionaimemory eachtransactionis executed
speculatiely by a singlethreadwithoutacquiringalock. If
the transactioncompleteswithout con icting with another
transactionjt commits,andits effectsbecomepermanent.
Otherwise,if con icts were detectedduring executionby
the native hardware cachecoherenceprotocol,the transac-
tion aborts,its effectsarediscardedandthe transactions
restartechtalatertime.

Until a transactioncommits, its effects are not visible
outside the transactionitself. To ensuresuch isolation,
hardwaretransactionamemorykeepsentatve updatesn a
thread-locatache.If thetransactiorcommits,thesemodi-

ed entriesmaybewritten backto memory Datacon icts
with othertransactionsvill be detectedby the native cache
coherencenechanismlf acon ict is detectedthetransac-
tion is aborted andits effectsarediscarded.

Transactionamemoryrequiresa checkpointingmech-
anismto supportroll-back and re-issueof transactionsn
caseof acon ict. Variouscheckpointingnechanisméiave
been proposedfor recovering processorstate. Many of
thesetechniquegeriodically createa system-widdogical
checkpointof the system,which includesthe stateof the
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Figure 1. Example of the system con gura-
tion with 4 CPUs.

processoregisters,memoryvalues,andcoherencgermis-
sions[29, 20]. For our purposesit is sufcient to check-
point the local registersof the processorthat startedthe
transaction.

Transactionamemoryimproves easeof programming
and performanceof sharedmemorymultiprocessorg13].
Hardwaretransactionamemoryprovidesalevel of concur
reng atleastequialentto the nest granularitylocking, at
a modesthardware cost[25]. Transactionamemoryalso
hasan advantageover locks in termsof enegy consump-
tion[19], dueto reduceccontentiorandtheabsencef lock
acquisitionoverhead.

In this paper we take a rst stepto investicate the ex-
tentto whichtheseadwantage®f transactionasynchroniza-
tion for general-purposprocessorsarryoverto 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-processosimulatorwritten in SystemChatprovides
high e xibility in termsof designspaceexploration. The
designercanusethe MPARM facilitiesto modelany simple
instructionsetsimulatorwith a complex memoryhierarcly
(supportingfor example cachesscratchpadnemoriesand
several typesof interconnects) Finally, MPARM includes
cycle-accuratgpowver modelsfor mary of the simulatedde-
vices. The power modelshave beencharacterizedy a
0.13 mtechnologyprovidedby STMicroelectronic$31].
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Figure 2. Architecture overview.

As shown in Figure 1, the adoptedbasic systemcon-
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-mappedeg-
isters which work as hardware semaphores. The inter-
connectis an AMB A-compliant communicationarchitec-
ture[1]. A Cache-coherengerotocol (MESI) is alsopro-
videdby snoopdevicesconnectedo themasterports.Note
that while the private and sharedmemoriesare arbitrarily
sizedratherlarge (256KB) they do not signi cantly impact
the performanceor power of our system(aswill be shavn
in Sectiord).

3.2 Implementation

The basicideabehindthe TransactionaMemory work-
ing modelis simple: eachtransactioris speculatiely exe-
cutedby the CPUand.,if no con icts with anothertransac-
tion aredetectedits effectsbecomepermanentthatis, the
transactiorcommits). Otherwise,if con icts aredetected,
its effectsarediscardedthatis, thetransactioraborts), and
thetransactioris restarted Hence the supportof the hard-
warethata TransactionaMemory generallyrequiresis 1)
asafelocationfor storing/modifyingtransactionatlata,and
2) arollbackmechanisnfor re-executingthetransaction.

We modeledour TransactionaMemory after [13], and
implementeda small (512B) fully-associatve Transac-
tional Cache (TC). The TC is accesseth parallelwith the
L1 cachejts maintaskis to manageall theread/writeoper
ationsduring a transaction. Preliminary experimentalre-
sults suggestthat most transactionsare quite small, both
in commonbenchmarksandevenin the Linux kernel[2].
Therefore,in this paper we do not considertransactions
thatwould exceedthe capacityof our TC.
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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 the contentsof its registersinto a
small(128B)Scratchpadlemory(SPM)[6]. Notethatdur-
ing thetime the CPU is writing into the SPM, the pipeline
is stalled.In ourcasemorewer, the SPMmustbe carefully
resizedn orderto containthe entiresetof CPUregisters.

During the executionof the transactiontwo copiesof
accessedlatawill be storedin the TC, asshown in Fig-
ure 3. Thatis, two physical lines are maintainedfor each
addressoneline storeshebackupcopy of thedataandthe
othercontainghedatamodi ed duringthetransactionThis
schemeaequiresadding?2 extra bits to the cachecoherence
tagvector Thesebits will allow usto distinguishbetween
the backupcopy (marked with the T_COMMIT bit) andthe
modi ed data(marked with the T_ABORT bit). If neither
bit is set,this indicatesthatthe datain the line is not con-
tainedwithin atransactiorandthereforecanbemanagedn
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-
ceivesthe Abort_Transaction signal,it 1) stopsthe execu-
tion of the transaction2) restoresthe registersvalueshby
readingfrom the SPM, and nally 3) changests statusto
“low power” mode. The CPU remainsin this low power
modefor somerandombacloff periodafterwhichit canbe-
gin re-executingthe transaction.The rangeof the bacloff
periodis tunedaccordingto the con ict rate. Thatis, the
rst time a transactioncon icts it waits an initial random
time period(< 100cycles)beforerestarting.If thetransac-
tion con icts again, the bacloff periodis doubledeachtime
until thetransactiorcompletesuccessfully

If thereis no conict, and the transactioncommits,

the TC invalidatesthe 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 consequencehe
snoopdevice will managetheselines accordingto the na-
tive cachecoherencerotocol.

For correctimplementationthe 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 lineswill be copiedto the TC andtheninvalidatedin
the L1 (guaranteeingnon-overlappingdata-sets).lt is im-
portantto emphasizehatthe snoopdevice will continueto
manageall the non-transactionalalid lines (i.e., thelines
which do not have the T_COMMIT, T_ABORT, or INVALID
bits set)accordingo thestandaraache-coherengeotocol
(the MESI schemein our case).

The software supportfor the transactionss provided
by a library of specialinstructionsthat are invoked using
macros.Themacroproduceawrite into aspeciaimemory-
mappedocationthatcontrolsthe signalsStart_Transaction
andStop_Transaction, asshovn in Figure2.

4 Experimental Results

In this section,we evaluatethe power and performance
bene ts of using hardware transactionainemorywith an
embeddednulti-core system. For this purpose we devel-
opeda parameterizablenicro-benchmarkhat canbe used
to representa numberof commonsharedmemoryaccess
patternsin embeddedpplications. The micro-benchmark
consistsof a sequencef atomicoperationsxecutedon a
sharedmatrix, which is logically subdvided into overlap-
ping regions. To ensurethat concurrentaccesseto shared
datado not produceincorrectresults,processorsnustob-
tain exclusive accessto eachregion. Using a corven-
tional schemewe would associate lock with eachregion
to ensurethat processorglo not seeinconsistentdata at
the boundariesof the matrix. Sucha schemes typically
usedin image-processingpplicationsfor embeddedsys-
tems(suchasplotters,printers,digital cameras)To runthe
micro-benchmarkwvith transactionamemory we replaced
the locks and critical sectionsde ned above with transac-
tions.

Embeddedsystem applications may include varying
computationalworkloadswithin critical sections,as well
asoutsideof critical sections. To studythe effect of such
variations,we include four differentcon gurationsof our
micro-benchmarkmarked asC1, C2, C3, andC4, in Ta-
ble 1. For example,C2 denotesa micro-benchmarlkcon g-
urationwith a mediumcomputationaivorkloadinsidecrit-
ical sectionsanda light computationalvorkloadoutsideof
them,meaningthattransactiongomposea large portion of



themicro-benchmark.

Benchmark Inside Outside

Con guration | Crit. Section| Crit. Section
Cl ~60% ~40%
Cc2 ~85% ~15%
C3 ~20% ~80%
c4 ~5% ~95%

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

350% B4p
W4p_t
O8p

300% 4 =
O8p_t

W 10p
0, - L
250% — — m10p_t

200% —

150% —

EOO% —

50% -

0% T T T =
C1 Cc2 C3 C4

Figure 4. System energy of different micro-
benchmark con gurations 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.

Figure4 shovsthesystemenengy of thedifferentmicro-
benchmarkcon gurationsrunningon 4, 8, and 10 CPUs.
Varyingthe numberof CPUsallows usto explorethe scal-
ability of usingtransactionsvith increasingamountsof in-
terconnectcongestion. The systemenepy representghe
sumof the enepgy of the cores,transactionatacheqTC),
L1 cachesscratchpadnemories RAMs andbuses. Each
group of barsrepresents micro-benchmarlcon guration
from Table 1 (C1-C4). The leftmostpair of barsin each
group representghe systemenegy when running on 4
CPUsandusinglocks (4p), or transactiong4p_t). Thesec-
ondandthird pairsof barsin eachgrouphave a similar rep-
resentatiorfor 8 (8p, 8p_t) and10 (10p, 10p_t) CPUs,re-
spectvely. Resultswithin eachgroupare normalizedwith
respecto the rst barin thegroup(4p). Figure5 usessimi-
lar notationto shav theoverallexecutiontime for thediffer-
entmicro-benchmaricon gurationsrelative to the 4p con-
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Figure 5. Execution time of diff erent micro-
benchmark con gurations 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.

guration.

Fromlooking atthe rst two groupsof barsof Figures4
and5 (C1 andC2), we seethat replacinglocks with trans-
actionsreduceghe systemenepgy by 10%-31%and exe-
cutiontime by 42%—64%,relative to a con guration with
the samenumberof processorsbut usinglocks insteadof
transactiongor synchronization.By contrastthe lasttwo
groupsof bars(C3 and C4) shav that althoughreplacing
locks with transactiondasa negligible effect on the exe-
cution time, it hasa noticeablynegative effect on system
enegy. In thesemicro-benchmarlcon gurations,mostof
the computationoccursoutsidethe synchronizedcode, so
transactionslo not play a majorrole. The additionalen-
emgy is consumedby the transactionakachedescribedn
Section3. In the simpledesignconsideredere,the trans-
actionalcachds active for thedurationof micro-benchmark
executionsince,oncea transactiorcommits, it is possible
thattheonly valid copy of certaindataresidesn this cache.
It followsthateveryaccesso thelL 1l cacherequiresaparal-
lel accesdo the transactionatacheevenif no transaction
is in progressFor micro-benchmarikon gurationsC1 and
C2, this additionalenegy is morethanbalancedy elimi-
natingthe extraenegy consumedy locks, but notfor con-
gurations C3 andC4, whichdomuchlesssynchronization.
Theseresultssuggesthat it would be worth investigating
more compl implementationghat, for example, empty
and power down the transactionatachewhenno transac-
tionis in progressOur preliminaryexperimentausingsuch
animplementatiorsuggesthat enegy consumptiorcould
be improved substantially For example,on a systemwith
8 CPUs,theenegy consumptiorfor benchmarkcon gura-
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Figure 6. Energy Distrib ution for benchmark
C1 with transactions and 4 CPUs (4p_t).

tionsC3 andC4 would bereducedy 16%and18%respec-
tively, comparedo resultsshovn in Figure 4 for the 8p_t
case.In otherwords,theoverall enegy consumptiorof the
systemwould remainaboutthe samewhetheralock-based
or transaction-baseslynchronizatiorschemeavereusedfor
the C3 or C4 con gurations. This makes sensesincethe
fractionof time spentexecutingcritical sectionf thecode
is quitesmall.

To geta betterunderstandingf the overall enegy con-
sumption, Figure 6 shavs the enepgy distribution for the
C1 micro-benchmarkcon guration with transactionsand
four CPUs! As may be expected,the cachesand CPUs
arethe mostsigni cant contrikutorsto the systemenepgy
(the RAMs areon-chip,andconsumea very smallfraction
of the enepgy). It is notablethat the transactionataches
(TC) and the CPUsconsumecomparableamountsof en-
engy (20.65%and19.47%respectiely). The transactional
cacheis a fully-associatve cache,which explainsits high
enegy consumption. Theseresultsfurther emphasizehe
needto considemlternatve schemesgor operatinghetrans-
actionalcache gspeciallywhenrunningapplicationsvhere
transactionsnake up a relatively small portion of the total
executiontime. While our initial experimentssuggessub-
stantialenegy bene ts from beingableto turn off the TC
whenthe CPU is not executingtransactionatode, future
work will investicgate more precisehardware and software
solutionsfor dealingwith thisissue.

To summarizeour results Figure7 shavstheenegy de-
lay product(EDP) of the different micro-benchmarlcon-
gurations. Note from the gure that transactiongntro-

Energy distribution for other configurations using transactions showed
similar results.

ducesubstantialmprovementsverlocksfor theC1 andC2

micro-benchmarlkon gurations,mainly throughreduction
of overall executiontime. For example,the C1 con gura-

tion with transaction@nd8 CPUs(8p.t) obtainsa system
enegy reductionof 23%, a 62% shorterexecutiontime,

and a 71% better EDP over the samecon guration with

locks (8p). Table 2 summarizeghe experimentalresults
for C1 andC2. Althoughincreasingthe time spentinside
a transactionincreaseghe probability for con icts, trans-
actionalmemorystill manageso obtainhigherthroughput
andlower enepy.

600%

E4p
W4p_t

500% O8p
O8p_t
H10p
— E10p_t

400%

300% 1 =

200% —

100% —
0% - T T

C1 Cc2 C3 C4

Figure 7. Energy*Delay Product (EPD), nor-
maliz ed with respect to 4p.

Con guration System Exec. | EDP%
Energy% | Time%
Ci1
4p_tvs. 4p 89.8% 57.6% | 51.7%
8p._tvs. 8p 77.7% 38.1% | 29.6%
10ptvs. 10p 77.7% 48.2% | 37.4%
Cc2
4ptvs. 4p 81.7% 49.6% | 40.5%
8p-tvs. 8p 69.7% 36.5% | 25.5%
10p.tvs. 10p 69.1% 36.9% | 25.5%

Table 2. Summary of C1, C2 results (lower val-
ues are better).

5. Conclusions

We view this work asa rst steptoward understanding
the extentto which applicationson embeddedPSoCar-
chitecturescanbene t from transactionakynchronization.



In particulay we arethe rst to presentitransactionamem-
ory solution for a SoC platform technologythat is mod-
eledwith cycle-accurat@recisionandwith accuratgpower
models. We usefrequeng and power numbersandarchi-
tecturalassumptionshat are appropriatefor an embedded
multiprocessombasedon simple cores. Our resultsshov
that, while transactionamemorycan provide clearperfor
manceadwantagescarefulconsiderationo hardwaredesign
is essentialn orderto meetthetight enegy constraintof
anembeddedystem.This nding is substantiallydifferent
from one obtainedwhen analyzingtransactionaimemory
onagenerapurposeplatform,sinceenegy consumptions
not so tightly constrainedor thesesystemsandthe hard-
wareto supporttransactionamemorycontributesa much
smallerfractionto overall enegy, asreportedn [19]. Still,
even with thesetight enegy constraintsour resultsshov
substantialmprovementin termsof bothenegy andperfor
mancearepossibleusingtransaction-basesynchronization
onanembeddeglatform.

Signi cant work remainsto be doneto investigate other
benchmarksnda wider rangeof architecturachoicesand
hardware implementations. One interesting questionis
whetherembeddedpplicationswill requirenew hardware
mechanismso supportembeddedpplications.For exam-
ple,little is known abouthow transactionasynchronization
interactswith patternssuchassoftware pipelining, or with
softreal-timeconstraints.
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