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Abstract

UPCis a sharedmemoryextensionto ANSI C. Its memoryconsistency
model is relaxed, allowing for optimization,but also permittingbehavior
which may be surprisingto the naive programmer. To allow betterunder-
standingof thismemorymodel,wepresentatool for analyzingthebehavior
of UPC programs.Given an executiontrace,the tool determineswhether
theresultsarecompatiblewith theUPCmemorymodel.Thetool is targeted
at newcomersto UPC who want to learnaboutits memorymodelandat
developerswhowantto verify possiblebehaviors of theirprograms.
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1 Background and Moti vation

A uniprocessorcomputeris suf�cient for mostapplications,but asingleprocessor
canonly getyou sofar. In addition,themoreyou try to stretchthis limit thecost
increasesexponentially, practicallylimiting themaximumcomputationpowerone
processorcangive you. Insteadof spendinga lot of money on that last bit of
performanceboost,it could in many casesbe muchbetterto usemorethanone
computeror processorat a time. This way it will take longer to executeeach
instruction,but we canexecutemorethanoneinstructionat a time. Furthermore,
aslong asall instructionsdo not rely on theresultof thepreviousinstruction,we
cansolve muchbiggerproblemsthanthefastestuniprocessorcomputerin much
lesstime,becauseof theavailability of increasedraw computingpower.

Any simulationwhereeachdatapoint changesbasedon theneighboringdata
pointscanbeexecutedon many processorsin parallel. (Many physicalphenom-
enalike weathersimulationsfall underthis category.) If we usea grid to divide
thedatasetbetweentheprocessorseachprocessorcancomputeall datapointsin
the interior of its partof thedataset. Thenit would needto do somecommuni-
cationto gettheneighboringdatapointson theexterior edgeof its datapartition.
Organizingandoptimizingthiscommunicationbetweentheprocessorsis farfrom
a trivial taskandcanbedif�cult for eventhemostexperiencedprogrammer.

In a regularC programyou do computationbasedon someinitial valuesand
givesomeoutputandany intermediateresultsarestoredin variablesfor reuse.A
parallelprogramalsohasinitial valuesin thesameway, but intermediateresults
areoftencalculatedby otherthreadsandit is up to theprogrammerto make sure
thatthethreadretrievesthoseresultsbeforecontinuingwith its computation.This
communicationis solvedin oneof two waysbasedontheprogramminglanguage
(or parallelextension)youuse.

1.1 MessagePassingModel

TheMessagePassingInterface[8] (MPI) is thedefactostandardfor parallelcom-
puting on distributed memorysystems. Its nameimplies that this languageis
indeedagoodexampleof themessagepassingprogrammingmodel.

Messagepassingprovidesthemostexplicit way of handlingcommunication
betweenprocessorsby providing functionsto sendand receive chunksof data
betweenprocessors.Thisbasicform of processorinteractionconsistsof onepro-
cessorsendingsomedataandoneprocessorreceiving thatdata.With thiswecan
createvery specializedcommunicationpatternsbecausewe control theexchange
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of everysinglebit of data.
Thedisadvantageis thatit cangetverycomplicatedevenfor smallprograms.

In many caseswe needto do load-balancingduringruntimesowe do not always
know whichprocessorsshouldcommunicateatany giventime. But sinceathread
is requiredto know whereto sendits dataand/orreceivedataweneedto calculate
thisbeforecommunicating.In somecasesthismaynotevenbepossible.

1.2 Shared Memory Model

The other alternative is that every threadoperateson a global shared address
space. This meansthat every processorcan accessglobal sharedmemorythe
sameway it accessesits local memory. Allowing eachthreadto readandwrite
to a sharedmemory location using regular readsand writes insteadof special
messagefunctionsmeansthat the programmerno longerneedsto keeptrack of
how thememoryis distributedamongthethreads.

Thebehavior of sucha programis describedby how eachthreadobservesthe
changesto memory. Thesechangesto memoryarereadandwrite operationsof all
the threadsrunningtheprogram.Sincea memoryoperationcannotbeobserved
instantaneouslyby all threads,thereis no way of makingsurethatall threadsob-
serve theoperationsin thesameorder. If therearenoconstraintson theorderings
of theseoperations,it will be impossiblefor a programmerto predictthebehav-
ior of his program.Theexamplein Figure1 shows a UPCprogramwith a very
nonintuitive outputthat is actuallypossiblewhentherearefew or no constraints
on theorderingof how a threadobserveschangesto memory.

Normallyaprogrammerwouldassumethatboththreadswouldoutput1 since
this would be the output if both threadsexecutedeachline of codeat the same
time. A programmerwouldalsonormallyassumethatoneof thethreadsoutputed
1 imaginingthatonethreadexecutedits programbeforetheother.

This kind of unusualbehavior is oftenexperienceddueto optimizationslike
reorderingof operations(if the instructionson line 3 and4 werereordered1) or
caching(if thewrittenvaluesonline 4 werenotobservedby theotherthreaduntil
after it executedtheinstructionon line 5). Sometimesthis behavior is acceptable
to theprogrammer, but mostoftenit is necessaryto limit thepossiblebehavior to
justa few possibilities.

To do this we usea memory(consistency) modelwhich works asa contract

1Thereis no apparentreasonnot to reordertheseinstructionssincethey operateon different
variables.
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Thread0 Thread1
Program 1 shared int x = 0; shared int x = 0;

2 shared int y = 0; shared int y = 0;

3 upc barrier; upc barrier;

4 x = 1; y = 1;
5 print(y); print(x);

Output 0 0

Figure1: An exampleof unusual,but possibleprogrambehavior with a relaxed
memorymodel. (The upc barrier is a synchronizationfunction that makes
surethat both threadsdeclarethe variablesbeforecontinuing. upc barrier
will beexplainedin detail in section2.2.1.)

betweenthe languageimplementorsandtheprogrammer. This modelputscon-
straintsonhow operationsshouldbeorderedanddetermineswhatlegalvaluesthe
readoperationscanreturn.We call this a contractbecausea programmerusually
wantsa modelthat is easyto understandwhile a languageimplementorusually
wantsa model that allows asmuchoptimizationaspossible. Usually a model
thatis easyto understandmeansmoreconstraintson theobservedorderingwhich
meanslesspossibilitiesfor optimization.A memorymodelis usuallya compro-
misebetweenthesetwo philosophies.

1.3 SequentialMemory Consistency

Sequentialmemoryconsistency[13] (SC)is the�rst proposedmemorymodel.It is
theeasiestmemorymodelto understandandtheleastoptimizable.SCis similar
to the uniprocessormodel. This meansthat all operationsareserializedamong
the threads,causingthemto be observed in the sameorderon all threads.This
commonorderpreservesthe orderdictatedby eachprogram. It is importantto
noticethatthis modelstill hasthenon-deterministicnatureof a parallelprogram.
Imaginehaving two decksof cards(representingtheprograminstructionsfor two
processors)that you shuf�e once. The combineddeck (the observed order for
both threads)preserves the order from the initial decks,but the cardscan still
becombinedinto many differentorderings.The fact thatyou canhave all these
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differentorderingsevenunderthestrictestmemorymodelis the implicit costof
executingaprogramin parallel.

If wetakeanotherlook at theprogramin Figure1 wecanimaginethatThread
0 prints0 becauseit printedbeforeThread1 updatedy (line 3). Wecanalsoimag-
inethatThread1 canprint 0 beforeThread0 updatesx, but theoutputspeci�edin
Figure1 (whereboth threadsprint 0) cannotbeexplainedin termsof sequential
consistency.

If we hadno memorymodelit would belikeshuf�ing thetwo decksasmany
timesasyou would likeandthenthrowing themup in theair, andeverycardthat
wasoverlappingwhenthey fell to thegroundwasobservedin thesameorderby
all threads.It would be completelyimpossiblefor theprogrammerto anticipate
thebehavior.

Eventhoughsequentialconsistency is desiredsometimes,it is toostrictunder
mostcircumstances.The sequentialmemorymodel leavesvery little room for
compileroptimizationtechniqueslikecachingandoperationreordering.

1.4 UPC Memory Consistency

Likemany othermemorymodels[6, 9,10,11,18] theUPCmemorymodelallows
amorerelaxedorderingof operationsthantheSCmemorymodel.As mentioned
aboveit is veryeasyfor aprogrammerto reasonaboutaverystrictmemorymodel,
but it is hardto optimize. The morerelaxed a memorymodel is the harderit is
for a programmerto reasonabout.Thereasonfor this of courseis the increased
non-determinismcausedby differentobservedorderingson differentthreadsand
evenreorderingof instructionexecution.

In theUPCmemorymodel[21] all memoryoperationscomein two �a vors:a
strict versionanda relaxedversion.A programwith only strict operationsobeys
sequentialconsistency. Only relaxed operationsallow the compiler to re-order
mostoperations(this will be explainedlater), and to decidewhena threadob-
servesachangein memory(it musthappensometimebeforetheprogramends).

Anyonenew to UPCwould �nd it hardto understandtheUPCmemorymodel
(evenmany experiencedUPCprogrammers�nd it hardto understand[12]) so it
would be very bene�cial for themto have a tool which canshow how unusual
behavior is actuallypossiblewith theUPCmemorymodel.

For experiencedprogrammerswhoalreadyknow thememorymodel,it would
bea handytool to verify largerprogramswhich would allow themto take maxi-
mumadvantageof theoptimizationpossibilities.

10



1.5 RelatedWork

Thework donein this thesisreportis built on thework doneby Yangin hisPh.D.
Thesis[20] wherehe createda similar tool for the Intel Itanium memorymodel
[3]. He shows that a non-operationalmemorymodelspeci�cationcanbe made
executableby converting the problemto a SAT problemandthenusinga SAT
solver to determinelegality, whichwewill discussthedetailsof later.

This work andYang's work �t into the“model checking”approachto veri�-
cation. In this approach,thesystembeingveri�ed is modeledandanexhaustive
searchis performedonthemodelspace,todeterminewhetherthecorrectnesscon-
ditions aremet in all possiblesearches.Therehasbeena signi�cant amountof
work on automatedreasoningaboutmemoryconsistency usingmodelchecking
[7, 14, 16]. Unlike theseearlierefforts, this work andYang's work useBoolean
propositionsratherthan orderedbinary decisiondiagrams(OBDDs) as system
models. Veri�cation thenreducesto the SAT problem. Recentlythis approach
hasshown to signi�cantly outperformtheOBDD approach[5].

We can think of model checkingas a bottom-upapproach,with intensive
searchof possiblemodelcon�gurations.In contract,thetop-down term-rewriting
approach[17, 4] takestheoriginal executiontraceandrewrites it, basedon a set
of axiomsthat constitutethe memorymodel speci�cation. The term rewriting
procedureaimsto reducethe original input to a tautology, muchlike a standard
deductiveproof.
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2 UPC LanguageFeatures

To understandthe behavior of a programwe have two sourcesof information;
the sourcecodeandthe program's output. Sincethe programcan(potentially)
outputany valuesreadfrom memory, we will assumethat we know everything
theprogramreadsfrom memory.

In many parallelprogramsit is notpredeterminedwhichthreadshouldexecute
a taskor a segmentof code. But to preventall threadsfrom executingthesame
tasktheremustbe somepreconditionsthat ensurethatonly onethreadexecutes
that part of the code. And sincewe know the observed stateof the memorywe
canassumethat we know what operations/instructionswhereexecutedby each
thread.

Basedon this informationwe cande�ne anexecutiontrace, which is an ide-
alizedlist of operationsfor eachthreadorderedby whenthey wereexecuted.The
list is idealizedbecausethe compilercanrearrangeoperationsbeforeexecution,
but from theprogrammer'sview theexecutiontraceis theorderof execution.

From the programin Figure1 the executiontracefor Thread0 would be a
write to x followedby a readfrom y. For Thread1 we would have a write to y
followedby areadfrom x. Fromthesourcecodeweknow thatthetwo writesuse
thevalue1 andbasedon theoutputspeci�ed in Figure1, we know that the two
readsreturnedthevalue0.

The UPC memorymodelconstrainshow communicationbetweenthreadsis
observed, it alsoconstrainshow operationscanbe reorderedon a threadbefore
execution.Wewill look at theseconstraintsin detail later.

As explainedearlierwe want a morerelaxed memorymodelso that we can
optimizebetter. This includesreadingandwriting valuesfrom/tomemoryearlier
or later (by reorderingoperations)thatwhatwasspeci�edby theprogrammerin
thesourcecode.Sometimeswe mayevenuseanearliercalculatedvalueinstead
of checkingthesharedmemory. We cando this becauseit is thesameasif other
threadsobserved a write immediatelyfollowedby a readfrom the samethread.
So if the memorymodel constraintsallows the readto be observed right after
the write theneverythingis ok. So even if a threaddoesnot alwaysexecuteall
operationsthey “act” asif they did, sowhenwe createanobservedorderingfor
all threadswemustincludeall writesto memory.

We know that strict operationsaresequentiallyconsistentandmustform an
orderthatall threadsagreeupon. This meansthatevery threadmustobserve all
strict operationsandthat if you only look at thestrict operationsthey shouldall
beobservedin thesameorderon all threads.Thesamedoesnot applyto relaxed
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operationssothey canbeobservedin adifferentorderon differentthreads.
An executiontracefrom aUPCprogramis legal if all constraintsdescribedin

theUPCmemorymodelaresatis�ed. This includesanobservedtemporalorder-
ing for eachthreadwherethereadvalueof a readmatchwith thelatestobserved
write to thesamevariable/memorylocation.All strict operationsmusthave been
observedin thesameorderby all threads(theglobalstrict order).

2.1 upc fence

Theupc fence operationis awayof ensuringthateverythingathreadhasdone
beforethe fencewill be observed by all other threadsbeforethe thread's oper-
ationsafter the fence. But sincethis is the sameasany strict operationwe can
safelytreatupc fence asa strict operationthatdoesnothing2.

2.2 CollectiveOperations

UPC[19] hascertaincollectiveoperations.A collectiveoperationis anoperation
which is calledby all threadsandin thesameorder. Wewill discussthecollective
operationsthatareusedfor synchronizationpurposes.

2.2.1 upc barrier

This is conceptuallytheeasiestsynchronizationoperationofferedby UPC.When
a threadcalls upc barrier it cannotexecuteany further instructionsuntil all
otherthreadshave calledthesameupc barrier . Wheneachthreadhascalled
upc barrier they shouldalsoagreeonthecontentof thesharedmemory. This
practicallybreaksup theprograminto two subprogramswherethe �rst program
“returns” whatever is in memoryat thebarrierandthesecondprogramusesthat
memoryasits initial values.

In termsof constraintswecanthink of upc barrier asacollectiveversion
of upc fence , wheretheoperationsissuedbeforetheupc barrier hasto be
observedbeforebeforeeveryotherthreadscall to thatupc barrier .

2.2.2 upc notify and upc wait

In many casesa barrierwould besuf�cent to synchronizethreads,but sometimes
somethreadsgetto thebarriermuchearlierthanothers.Soinsteadof lettingthese

2TheUPCSpecdescribesthis asastrict no-op.
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threadswait idly until thelast threadgetsto thebarrier, we wantthemto usethis
time to performsomework.

Thesplit-phasebarrier consistsof twocollectiveoperations,whereupc notify
signi�es the beginning of the barrier and upc wait signi�es the end. When
a threadcalls upc notify it noti�es the other threadsthat it hasreachedthe
barrier. Betweencallingupc notify andcallingupc wait it canexecuteany
numberof instructions,but without theguaranteethatall thethreadshave�nished
their computationsup until the barrier. Normally a programmerwould let the
threaddocomputationon local dataor shareddatathathasnotchangedsincebe-
foreanearlierbarrier. Whenathreadeventuallycallsupc wait it muststopand
donothingjust likeanormalbarrieruntil all threadshavecalledupc notify .

Thesplit-phasebarrieris themosttricky of theoperationsto modelbecause
of its complicatedcollectivebehavior. On a threadthenotify andwait bothwork
as a fencesinceno operationscan be moved pastany of them, but operations
issuedbeforea upc notify canbe observed anytime beforethe correspond-
ing upc wait on other threadsandoperationsissuedafter upc wait canbe
observedanytimeafterupc notify on otherthreads.

If nooperationsareissuedbetweenupc notify andupc wait thepairof
operationsworksexactly likeupc barrier .

Example11 (page40) shows how a barrierpreventsa threadfrom observing
operationsissued(by otherthreads)after thebarrier. In Example11b (page41)
wecanseethatwehave thesameproblemwhenthebarrieris replacedby asplit-
phasebarrier. Example11c is anexampleof what thereadoperationmusthave
observedfor thisexecutiontraceto belegal.
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3 Input

The input to the tool must includethe sequenceof operationsexecutedby each
thread,aswell asthevaluesreturnedby all readoperations(anexecutiontrace).
Following thenamingconventionsin theUPCmemorymodelwehavedeveloped
a grammar(Figure3) that encapsulatesall the informationneededto apply the
rulesof theUPCmemorymodel.Example1 (page30) is a very simpleexample
of an executiontracefollowing the grammar. The executiontraceshows a list
of initial valuesanda list of operationsfor eachthreadwhich is orderedbased
on the programorder (the order speci�ed by the programmer). In addition to
the constraintsof the context free grammar, all threadsmustcall the collective
operations(in thesameorder),aupc wait mustbeprecededby aupc notify
andnocollectivecallsareallowedbetweenaupc notify andaupc wait .

When we compareoperationswe can checkthe line in the executiontrace
to seeif they arereador write operations,if they arestrict or relaxed andwhat
valuesthey read/write. Other informationlike what threadthey areon requires
a little moresearching.Insteadof doing this searchingevery time we needthis
information, it is muchmorepracticalto storethe operationsasa setof tuples
whereall possibleinformation is storedin oneplace. We will discusshow we
storethesameinformationastuplesandwewill explainhow thetool convertsan
executiontracewrittenaccordingto thegrammaron page16 to a setof tuples.

3.1 OperationsRepresentation

Operationsare encodedas tuplesbecausethe explicit informationallows us to
describetheorderingconstraintsbetweenthemin abetterway. To beableto store
all the neededinformationwe usea 9-tuple, but not every �eld is usedfor all
tuples.

Tuplei = hid; src;iss; obs;pc;op;cons;var; datai where
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executiontrace : init parta exec part

init part : startvaluesinit expr*

init expr : variable= value

exec part : numthreads= valuethreadtrace*

threadtrace : threadinstr*

instr : reg instr
j sync instr

reg instr : op ( variable, value)

op : RR
j RW
j SR
j SW

sync instr : upc fence
j upc barrier
j upc notify
j upc wait

aOptional

Figure2: Executiontracegrammar.
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id i = id : globalID of thetuple
src i = src : theID of theoriginaloperation
issi = iss : issuingthread2 [0::THREADS� 1]
obsi = obs : observingthread2 [0::THREADS� 1]
pc i = pc : programcounter
op i = op : operationtype2 f Read;Wr ite; N otif y; Wait; F enceg
consi = cons: coherencetype2 f Str ict; Relaxedg
var i = var : sharedmemoryvariable
data i = data : a reador storedvalue

andTHREADSis thetotal numberof threadsinvolvedin theexecutiontrace.

3.2 Tuple Generation

Eachoperationin the executiontraceis representedby eitherone tuple or one
tuplefor eachthread.Thegeneralrule is that if oneof the �elds in thetuplecan
have a differentvaluefor eachthreadwe createa tuple for eachthreadsuchthat
all thepossiblevaluesarerepresented.

An operationthat is representedby morethanonetuplewill have a different
obs value for eachof the tuples. We will call the tuple whereiss i = obs i
theoriginal tupleandtheothertupleswill becalledduplicatessincethey arethe
observedversionof theoriginaloperation/tuple.

Let uslook atanexamplesetof tuplesthatweregeneratedfrom theexecution
tracein example1 (page30).

id src iss obs pc op var cons data
0 0 0 0 0 Read x Relaxed 1
1 1 0 0 1 Write x Relaxed 2
2 1 0 1 1 Write x Relaxed 2
3 3 1 1 0 Read x Relaxed 2
4 4 1 1 1 Write x Relaxed 1
5 4 1 0 1 Write x Relaxed 1

Figure3: A setof tuplesgeneratedfrom theexecutiontracein example1.

The�rst operationis representedby tuple0 sinceonly theissuingthreadwill
observe a relaxedread.The�rst operationfrom thesecondthreadis represented
by tuple3 for thesamereasons.Thetwo write operationsarerepresentedby one
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tuple for eachof the threadswherethe observed threadis differentfor the two
tuples.Noticethattheduplicatetupleshave theid of theoriginal tuplein thesrc
column.

All strict operationsareobservedby all threads,but sinceall operationsmust
beorderedin thesamewayonall threadswith respectto astrictoperation,wedo
notneedto duplicatestrict operations.

A collectiveoperationis astrictoperation,but collectiveoperationsaredupli-
cated3 becausethey haveadifferentpc valuefor eachthread.

3For collectiveoperationsthe“original tuple” will betheoneissuedby thread0. It couldhave
beenany thread,but it hasto beasinglethreadsothatall thecallsto thesamecollectiveoperation
havethesamevaluefor src.
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4 Output

If theexecutiontraceis legal, we want to show a graphdisplayingtheobserved
orderingfor eachthread,andif it is not legal we want to show why. For this we
usea graphdrawing package[1] that displaysthe tuplesasnodesin a directed
graph.

Sincetheconstraintson the tuplesareall constraintsbetweenpairsof tuples
we canhave a solutionwherethereis an edgebetweenall pairsof tuples. But
sincewe have a legal executiontraceandthateachobservedorderis a temporal
ordertherecanbe no cycles. So without losing any informationin the ordering
wecanremoveedgesimpliedby transitivity. For illegalexecutiontracesweknow
theremustbeacyclepreventingthis temporalorder. In thatcasewewantto show
all thetuplesandedgesinvolvedin thatcycle (or cycles).

Basedontheoutcomeof theprogram,twooperationswill haveadirectededge
betweenthemshowing whichoperationmusthavebeenobservedbeforetheother
for theexecutiontraceto belegal. Sincethegraphrepresentsa temporalorderof
operationstherecanbeno cycles.If a cycle is shown theprogramwould �nd the
executiontraceto beillegal.

To displaymultiple orderingsin a singlegraphwe have two options: each
orderis representedby differentedges,or eachorderis representedby different
nodes4. Thetwooptionsaredisplayedin Figure4. Wechoseto gowith thesecond
optionbecausevisually it is mucheasierto �nd acycle in thegraphthanto �nd a
cyclewhich consistsof edgesof only onecolor.

We choseto go with the secondoption becauseit is easierto think about
constraintsthatway.

All regular(readandwrite) strictoperationsarein blackbecausethey arepart
of theobservedorderfor all threads.Seeexample9 on page38 for a graphwith
strict andrelaxedoperations.

Theupc barrier operationis alsoin blackeventhoughit is representedby
multiple tuplesbecausebasedon thede�nition of a barrierit is naturalto display
it asoneoperation(seeexample11aonpage41).

All othertuplesarecolor-coded5 basedon which threadobservesthattuple.
In contrastto theupc barrier , upc notify andupc wait arenot dis-

playedasonetuple. The reasonis that threadscanobserve otheroperationsbe-
tweencallsto thesamecollectiveoperation(upc notify or upc wait ). Even

4This is why someoperationsarerepresentedby morethanonetuple.
5In this paperthread0 is representedby thecolor blue(or darker) andthread1 is represented

by thecolorgreen(or lighter).
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RR(x,1)

RW(x,2)

RR(x,2)

RW(x,1)

(5): RW(x,1)

(0): RR(x,1)

(1): RW(x,2)

(2): RW(x,2)

(3): RR(x,2)

(4): RW(x,1)

Figure4: Thetwo possiblewaysto displayall orderingsin onegraph.

thoughall threadsneedto observe all calls to thesamecollective it is important
to distinguishbetweenthecalls,sowehavedecidedto colorcodethesecollective
callsbasedon thethreadthatissuesthem.

To extract the observed order of thread0 you must follow the graphfrom
top to bottom visiting all nodesin blue and black, all upc notify 's and all
upc wait 's without visiting nodeswith any othercolor. Thestrict orderingcan
beextractedby visiting all theblacknodes,upc notify sandupc wait s. You
canvisit othernodes,but they arenota partof thestrict commonorder.

Thegraphshown to theright in Figure4 we will get thefollowing orderings.
For Thread0 theobservedorderingis RW(x,1) ! RR(x,1)! RW(x,2) wherethe
�rst operationis issuedby Thread1. Theobservedorderfor Thread1 is RW(x,2)
! RR(x,2) ! RW(x,1) wherethe �rst operationis issuedby thread0. Thereis
nocommonstrictordersincetherearenostrict operationsin thisexecutiontrace.
Seeexample6 (page35) for an examplewherethereareboth relaxed andstrict
operationsin thegraph.
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5 Implementation

The programreadsthe executiontraceandconvertsit into a setof tuplesusing
a bison/�ex parser. The tuplesare then fed into the SAT generationprogram.
Whenall theclausesaregeneratedtheSAT solver tries to solve theproblem. If
a solutionis found theprogramprintsa graphshowing a possibleordering. If a
solutionis not foundwe extract the cycle from theSAT encodingandoutputsa
graphshowing thecycle.

5.1 What is SAT and CNF-SAT

TheBooleansatis�ability problem(SAT) is a decisionproblemwhereyou have
a Booleanexpressioncontainingvariablesandthe logical operatorŝ (AND), _
(OR) and: (NOT). The problemis to decidewhetherthereis an assignmentof
trueandfalseto thevariables(avariableassignment)suchthatthewholeBoolean
expressionis true. If thereis suchanassignment,theproblemis consideredsatis-
�able, otherwiseit is consideredunsatis�able.

CNF-SAT is a constrainedversionof thesatis�ability problem.In CNF-SAT
theBooleanexpressionis in conjunctivenormalformwhichmeansthatit is acon-
junctof disjunctclauses.A disjunctclauseis a list of variablesthatareOR'edto-
gether. A conjunctof theseclausesmeansthatthesedisjunctclausesareAND'ed
together. This meansif the expressionis satis�able, thenevery clausemustbe
satis�able. Thereforeif we can representevery constraintas a clauseand the
expressionis satis�abletheneveryconstraintmustbesatis�able.

5.2 UsingSAT To Find ObservedOrderings

DespitethefactthatSAT (andCNF-SAT) is NP-completewecansolveinteresting
problems(likeours)in a reasonableamountof time. Extensiveresearchhasbeen
doneon SAT solversandasa resultmany largeproblemscanbesolved.

Findinga satisfyingvariableassignmentis a state-spacesearchwherea good
heuristicfunctionand/orgoodpruningcandrasticallyreducethe time it takesto
�nd asolution.For amorecomprehensiveoverview of theadvancesdonein SAT
solving over the last few yearsconsult[22]. Oneof the fastestgeneralpurpose
SAT solversis zChaff[15, 2].

Due to advancementsin SAT solversand the ability to easilyexpresssome
problemsasBooleanexpressions,many problemsarereducedto theSAT problem
andaSAT solver is usedto �nd asolution.
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To do this with our problem,we must�rst show that it is in NP. This means
thata solutionto our problemcanbeveri�ed (checkthat thesolutionis valid) in
polynomialtime. Weprovethisasfollows.

Let t be thenumberof threadsin theexecutiontraceandn bethemaximum
numberof operationsfor any thread. If we have anorderingfor eachthreadwe
cancheckeverypairof operations(n2) with everyconstraintin thememorymodel
(thereis a constantnumberof constraints).In the worst caseall operationsare
observed by all threadsgiving us a complexity of O(tn 2) which is polynomial.
To checkif readoperationsreturna legal value,we cansimply startat thenode
representingthereadoperationandtraversethegraphin theoppositedirection.If
we getto a correspondingwrite without encounteringa con�icting write theread
returnsa legal value. For eachreadoperationwe needto checkat mostn � 1
tuples.Sincethishasto bedoneatmostn timesit is polynomialaswell.

5.3 ReducingTo CNF-SAT

Whenwe take a problemandencodeit asanotherproblemwe call it a reduction.
SinceCNF-SAT is an NP-completeproblemandour problemis in NP we can
reduceit to CNF-SAT. This meansthat if our problemis legal thenthe encoded
CNF-SAT versionis satis�ableandif our problemis not legal theCNF-SAT ver-
sionwill notbesatis�able.

In additionto determininglegality we alsousethevariableassignmentfrom
the CNF-SAT solution to determinethe observed ordering. Our SAT-solver of
choice(zChaff) alsogivesusa list of unsatis�ableclausesif theentireexpression
is unsatis�able. We usetheseclausesto �nd the tuplesthat causethe execution
traceto beillegal.

5.4 SAT encoding

As shown in [20], usinga SAT solver to �nd a legal orderingfor an execution
traceis possible.The reductionto CNF-SAT is very intuitive becausethe ques-
tion whetheroneoperationshouldbe orderedbeforeanotheris the sameasone
variablein SAT is trueor false.We usetwo variablesfor eachpair of operations
(i andj ), onefor “ i mustbeobservedbeforej ” (order i j ) andonefor “ j must
beobservedbeforei ” (order j i )6. If thememorymodelspeci�esthattwo oper-

6We couldhave usedonly onevariable,but thatwould imply thatevery two operationsmust
beorderedin someway. But weknow thatfor examplerelaxedreadsareonly partof theobserved
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ationscannotbeobservedat thesametimewemustmakesurethatoneoperation
is observedbeforetheother. In SAT we encodethis asorder i j _ order j i .
This encodingensuresthati is observedbeforej or j is observedbeforei . Since
mostof the constraintsin the UPC memorymodelarewritten like this they are
easyto translateinto SAT.

To make surethatevery readreturnsa legal valueit mustreferto a write that
writes that value. We usethe variablereads a b for this relationship.Thereis
oneof thesevariablesfor everypair of correspondingreadsandwrites.

5.5 UPC Memory Model Constraints In First Order Logic

The UPC memorymodel is alreadystatedasa setof Booleanexpressions,but
theseexpressionsonly show theconstraintson how a threadcanobserve opera-
tions. Sincewe wantto encodetheobservedorderfor all thethreadsat once,we
needto modify thoseexpressionsa little. As abasisfor ourconstraintsweusethe
predicateorder i j asexplainedaboveandpredicatereads i j to saythattuplei
(aread)getsits valuefrom tuplej (awrite). Boththesepredicatesarerepresented
by variablesin theSAT encoding.

tuples is thecompletesetof tuplesandorder is thesetof orderingpredicates
(thesolution).Thr eadsis thetotal numberof threads.

5.5.1 Helper Functions

To make the constraintsmorecompactand intuitive we have usedsomehelper
functions.

isReadi � op i = Read
isWrite i � op i = Wr ite
isStrict i � consi = Str ict
isRelaxedi � consi = Relaxed

observed tuples thr � f i 2 tuples j obs i = thr _ isStrict ig

Sameasaboveonly for tuplesobservedby thr .

orderingfor the issuingthreadandshouldthereforenot be orderedwith operationsnot in that
ordering.
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5.5.2 BasicConstraints

Theseare constraintswhich are not explicitly mentionedin the UPC memory
model,but areimpliedby thedescriptionof whatanorderingis andwhatmustbe
truefor theorderingto belegal.

requireTransitiveOrder tuplesorder � 8i; j; k 2 tuples:
(order i j ^ order j k) ) order i k

If i is orderedbeforej andj is orderedbeforek, thenthatmeansthat i must
alsobeorderedbeforek.

requireIrr e�exiveOrder tuplesorder � 8i 2 tuples: : (order i i )

Operationi cannotbeorderedbeforeitself.

requireDeterministicOrder tuplesorder � 8t 2 Threads8i; j 2 tuples
((obs j = t) ^ (obs i = t)) _ (( isStrict i ) _ (isStrict j ))

) order i j _ order j i

A threadcannotobservetwo operationsatthesametimesooneoperationmust
havebeenobservedbeforetheother. Theobsvaluespeci�estheobservingthread,
but sincestrict operationsareobserved by all threadsthe constraintalsomakes
surethat tuplesareordered,in someway, with respectto strict operations.This
alsoassuresthatall strict operationsareorderedwith respectto eachother. The
lastconstraintmakessurethatall operationsobservedby onethreadareordered
in somewayandthe�rst two makesurethattherearenocycles.

5.5.3 UPC Constraints

5.5.4 requireProgramOrder

Someof the operations(speci�ed by dependOnThreads)mustnot be reordered
accordingto theprogramorder(programcounter).

requireProgramOrder tuplesorder � 8i j 2 tuples:
dependOnThreadsi j ) order i j
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Theoperationsthatcannotbereorderedareoperationswhichoperateonthesame
variablewhereoneis a write7. No operationscanbereorderedwith a strict oper-
ationon thesamethread8.

dependOnThreadsi j � (pc i < pc j ) ^ (iss i = iss j )
^ (con�icting i j _ strictOnThr eadsi j )

con�icting i j � var i = var j ^ (isWrite i _ isWrite j )

strictOnThr eadsi j � (isStrict i _ isStrictj )

If an operationcannotbe reorderedwith an operationon the issuingthread,
thenthosetwo operationsmustbeobservedin thesamewayonotherthreadsthat
observebothof thoseoperations.

collectiveOrder tuplesorder � 8i; j 2 tuples
(op i = notify ) ^ (op j = wait ) ^ (src i = src j )
) order i j

From the de�nition of the split-phasebarrierno operationscanbe reordered
with upc notify or upc wait (as if they were strict operations),all opera-
tions issuedbeforea upc notify mustbe observed beforethe upc wait on
otherthreadsandall operationsissuedaftera upc wait mustbeobservedafter
upc notify on all otherthreads.The �rst part is takencareof by requirePro-
gramOrdersinceupc notify andupc wait areconsideredstrict operations.
Theremainingtwo aretakencareof by collectiveOrderwhereeachupc notify
mustbeorderedbeforeall other(matching)upc wait s.

i andj couldbeon thesamethread,but in thatcasethis constraintwould not
mattersincethey wouldalreadybeorderedby programorder.

For upc barrier we do a little trick. Insteadof makingconstraintson all
thetuplesthatrepresenta upc barrier we createconstraintsonly on theorig-
inal tuple.When,for example,requireProgramOrdercreatesaconstraintbetween
anoperationanda call to thebarrieroperationbasedon its programcounter, we
replacetheduplicatetuplewith theoriginal tuplein theorderpredicate.Thisway
we do not have to createany constraintsbetweentheupc barrier tuples,we
just treatit asa regularstrict operationwhichhasadifferentpc on eachthread.

7Identi�ed by SameVariablein thegraph.
8Identi�ed by StrictOnThreadin thegraph.
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5.5.5 requireReadValue

Sinceevery threadmustbe ableto explain a valuereturnedby a read,we must
applythis constraintononethreadata time.

requireReadValue tuplesorder � 8 t 2 TH READ S
8 i; j; k 2 (observ ed tuples t)
isRead (k)^
isW rite (i ) ^ (var i = var k) ^ (value i = value k)^
isW rite (j ) ^ (var j = var k) ^ (value j 6= value i )
) : reads k i _ order j i _ order k j

If k readsfrom i all con�icting writesmustbeorderedbeforei or afterk.

requireReadOrdertuplesorder � 8k; i 2 tuples
isRead (k)^
isW rite (i ) ^ (var i = var k) ^ (value i = value k)^
) : reads k i _ order i k

If k readsfrom i theni mustcomebeforek.
If thereis an initial valuefor the variablein questionthenthe readcanrefer

to this and: reads k init _ order k j is createdinsteadto forceall con�icting
writesto beobservedafterk.

For everyreadoperationwecreateaclausewhereoneof thereads k i predi-
catesmustbetrue.

The sumof theseconstraintsforcesevery readto get its valuefrom a write
that is observedbeforetheread.All otherwritesto thesamelocationthatwrites
a differentvaluemustbe observedbeforethewrite or after the read. reads k i
canbetruefor morethanonei for onek, but sinceevery i writesthesamevalue
it doesnotmatter(theonly constraintwewantto applyis thatthereexistsat least
one).

5.6 ClauseGeneration

For everyconstraintwe �nd tuplesthatsatisfytheregularconstraintsandcreatea
clausebasedon theimplication.
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5.7 Extracting Orderings fr om SAT Results

As mentionedin the OutputSectionwe usethe variableassignmentto createa
graphfor a legal executiontrace. For an illegal executiontracewe needto do a
little extra work becauseall we get from thesolver is theclausesthat cannotbe
satis�ed.

We caneasilychecktheclausesfor the tuplesthatareinvolved in thecycle.
Theedgesbetweenthetuplesdependon whatkind of clausesweget.

At leastoneof theclauseswill befrom theirre�exive constraintjust because
wegotacycle,but wedonotneedto createany edgesbecauseof thisclausesince
wecanseethatthereis acycle.

For therequireProgramOrderandcollectiveOrderconstraintswehaveenforced
anorderbetweenpairsof tuplessowecreateedgesfor theseclauses.

If thereis acon�icting write thatis forcedbetweena readandits correspond-
ing write, we createedgesfrom the readto the con�icting write and from the
con�icting write to the correspondingwrite (sincethe con�icting write should
have beenobservedbeforethewrite or after the read). In thecasewherea read
returnstheinitial valuetherewill only beoneedge,anedgefrom thereadto the
con�icting write.

If no correspondingwrite canbeobservedbeforea read,therewill beonecy-
cle for eachpossiblecorrespondingwrite, explainingwhy neitherof themcannot
beorderedbeforetheread.In this casewe have a edgefrom eachof thepossible
correspondingwritesto theread.
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6 Futur eWork

Many ideasof additonsandmodi�cationsto thiswork hasbeendiscoveredwhile
creatingour tool. Wewould like to describea few of themhere.

Eventhoughwehaveshown thatthis tool makesit easierto reasonwith small
executiontraces,it would be interestingto seehow it scalesto biggerproblems,
notonly in computationtime,but alsoin understandability. Basedontheseresults
we may changethe outputto improve understandabilityin both small andlarge
problems.

Theinput is now basedonamanualconversionfrom sourcecode/outputto an
executiontrace. Oneway to improve this tool would beto minimize this gapor
maybefully automateit.

It is a known fact that memorymodelsare notoriouslyhard to understand,
partly becausethereareseveralwaysof specifyingandthinking aboutthem. It
would bevaluableto beableto switch betweennon-operationalandoperational
views.
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7 Examples

All the examplesusedin the memorymodel to show the desiredbehavior can
befoundin this section.Eachexampleis shown with anexecutiontraceandthe
solutiongraphgivenfrom ourprogram.

Theoperationsin thegraphsarenumberedwith an id. This id is not unique
sincerelaxedwrite operationsareduplicated.Referto theexecutiontraceto see
whichof thethreadsissuedtheoperation.
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7.1 Example1

startvalues
x = 0

numthreads= 2

thread
RR(x,1)
RW(x,2)

thread
RR(x,2)
RW(x,1)

(5): RW(x,1)

(0): RR(x,1)

(1): RW(x,2)

(2): RW(x,2)

(3): RR(x,2)

(4): RW(x,1)

Fromthesolutionwecanseethatwehavealegalexecutionwhereboththreads
observes the other threadswrite before its own operations. We have no strict
operationssothereis nocommonstrict order.
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7.2 Example2

numthreads= 2

thread
SR(x,1)
SW(x,2)

thread
SR(x,2)
SW(x,1)

(1): SW(x,2)

(2): SR(x,2)

Possible source

(3): SW(x,1)

StrictOnThread

(0): SR(x,1)

Possible source StrictOnThread

Thisexecutiontraceis not legalbecausewehaveacycle in thesolution.From
the graphwe canseethat (1) hasto be the sourceof (2) and(3) hasto be the
sourceof (0). Both of theseconstraintscannotbe satis�ed becausestrict opera-
tionscannotbereorderedon a thread(StrictOnThread).
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7.3 Example3

numthreads= 2

thread
RW(x,1)
RW(y,1)

thread
RR(y,1)
RR(x,0)

(2): RW(y,1)

(0): RW(x,1) (3): RW(y,1)

(4): RR(y,1)

(1): RW(x,1)

(5): RR(x,0)

This executiontraceis legal becausethread1 can observe the writes from
thread0 in adifferentorderthanthread1 becausethey arerelaxedoperationsand
they operateondifferentmemorylocations.
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7.4 Example4

numthreads= 2

thread
RW(x,1)
RR(y,0)

thread
RW(y,1)
RR(x,0)

(2): RR(y,0)

(4): RW(y,1)

(0): RW(x,1)

(3): RW(y,1)

(1): RW(x,1)

(5): RR(x,0)

Herewe canseethateachreadhappensaftera correspondingwrite. This is
possiblebecauseall operationsare relaxed and operatingon different memory
locationsandcanbeobservedin any order.
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7.5 Example5

numthreads= 2

thread
SW(x,2)
SR(x,1)

thread
SW(x,1)
SR(x,2)

(2): SW(x,1) (0): SW(x,2)Conf licting write

(3): SR(x,2)

StrictOnThread

Conf licting write

(1): SR(x,1)

StrictOnThreadConf licting write Conf licting write

Eventhougheachreadis precededby acorrespondingwrite, oneof thewrites
mustcomebeforetheothercausingoneof themto con�ict with theotherread.
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7.6 Example6

numthreads= 2

thread
RW(x,1)
SW(y,1)
RW(x,2)

thread
RR(x,2)
RR(x,1)

(0): RW(x,1)

(2): SW(y,1)

(3): RW(x,2) (4): RW(x,2)

(1): RW(x,1)

(6): RR(x,1)

(5): RR(x,2)

A legal executionwherethread1 is observingits relaxed readsout of order.
Note that thread0 is observingonly its own operationsandthat they areall ob-
served in programorder. Thread1 is observingtherelaxedwrites from thread0
on thesamesideof thestrict operationbecauseof thestrict on threadconstraint.
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7.7 Example7

numthreads= 2

thread
RW(x,1)
SW(y,1)
RW(x,2)

thread
RR(x,2)
RW(x,3)
RR(x,1)

(4): RW(x,2)

(1): RW(x,1)

Conf licting write

(5): RR(x,2)

Possible source SameVariable

(8): RR(x,1)

Conf licting write

(6): RW(x,3)

SameVariable

SameVariable

This executiontraceis not legal. Fromthe solutionwe canseethatwe only
haveaproblemwith theobservedorderfor thread1. (4) is theonly possiblesource
for (5) and(1) is theonly possiblesourcefor (8) andsince(1) and(4) cannotbe
reorderedbecausethey operateon thesamevariable,this is not legal.
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7.8 Example8

numthreads= 2

thread
RW(x,1)
RW(x,2)

thread
SR(x,2)
SR(x,1)

(2): RW(x,2)

(0): RW(x,1)

Conf licting write

(4): SR(x,2)

Possible sourceSameVariable

(5): SR(x,1)Conf licting write

StrictOnThread

Another executiontracethat is not legal. Here we have the sameproblem
aswith Example7 (page36) wherethe two writesmustbeorderedaccordingto
programorderbecausethey write to thesamememorylocationwhich causes(2)
to con�ict with (0) beingthesourceof (5).
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7.9 Example9

numthreads= 2

thread
RW(x,1)
RW(y,1)

thread
SR(y,1)
SR(x,0)

(2): RW(y,1)

(4): SR(y,1)

(0): RW(x,1)

(3): RW(y,1)

(5): SR(x,0)

(1): RW(x,1)

Now thewritesareno longeroperatingon thesamememorylocationandcan
thereforebeobservedoutof order, makingthisa legalexecutiontrace.
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7.10 Example10

numthreads= 2

thread
RW(x,1)
SW(y,1)

thread
RR(y,1)
RR(x,1)
RR(x,0)

(5): RR(x,0)

(1): RW(x,1)

(4): RR(x,1) (0): RW(x,1)

(2): SW(y,1)

(3): RR(y,1)

This is legalbecausethread1 canobserve its readsoutof order.
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7.11 Example11a

numthreads= 2

thread
RW(x,1)
upc barrier

thread
upc barrier
RR(x,0)

(6): RR(x,0)

(1): RW(x,1)

Conf licting write

(2): upc_notify(0)

StrictOnThread

(5): upc_wait(0)

StrictOnThread

sync

This executiontraceis illegal becausethe write mustbe observed beforethe
upc barrier onboththreadsandwill thereforecon�ict with thereadonthread
1.
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7.12 Example11b

numthreads= 2

thread
RW(x,1)
upc notify
upc wait

thread
upc notify
upc wait
RR(x,0)

(4): RR(x,0)

(1): RW(x,1)

Conf licting write (2): upc_barrier

StrictOnThread

StrictOnThread

This is not legalbecause(1) mustbeobservedbefore(5) onboththreads.
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7.13 Example11c

numthreads= 2

thread
RW(x,1)
upc barrier

thread
upc barrier
RR(x,1)

(0): RW(x,1)

(2): upc_barrier

(4): RR(x,1)

(1): RW(x,1)

This is legalbecausethereadnow correspondswith thewrite issuedby thread
0.
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7.14 Example12

numthreads= 2

thread
RW(x,1)
upc notify
RR(y,0)

thread
RW(y,1)
upc notify
RR(x,0)

(7): RR(x,0)

(1): RW(x,1)

Conf licting write (2): upc_notify(0)

StrictOnThread

(3): RR(y,0)

(5): RW(y,1)

Conf licting write (6): upc_notify(0)

StrictOnThread

StrictOnThreadStrictOnThread

This is not legal becausewe canonly satisfyoneof (3) and(7). The other
operationwouldreadanillegalvaluewhichwouldmaketheentireexecutiontrace
illegal.

43



References

[1] http://www.graphviz.org.

[2] http://www.princeton.edu/˜chaff/zchaff.html.

[3] A formal speci�cationof intel itanium processorfamily memoryordering.
ApplicationNote,DocumentNumber:251429-001,October2002.

[4] Arvind andXiaoweiShen.Usingtermrewriting systemstodesignandverify
processors.IEEEMicro, 19(3):36–46,May/June1999.

[5] A. Biere,A. Cimatti, E.M. Clarke, M. Fujita, andY. Zhu. Symbolicmodel
checkingusingsatproceduresinsteadof bdds. In Proceedingsof Design
AutomationConference, 1999.

[6] R. D. Blumofe,M. Frigo, C. F. Joerg, C. E. Leiserson,andK. H. Randall.
An analysisof dag-consistentdistributed shared-memoryalgorithms. In
Proc. of the 8th ACM AnnualSymp.on Parallel Algorithmsand Architec-
tures(SPAA'96), pages297–308,1996.

[7] P. Chatterjee,H. Sivaraj, andG. Gopalakrishnan.Sharedmemoryconsis-
tency protocol veri�cation againstweak memorymodels: re�nement via
model-checking,2002.

[8] MessagePassingInterfaceForum. MPI: A message-passinginterfacestan-
dard.TechnicalReportUT-CS-94-230,1994.

[9] GuangR. Gao and Vivek Sarkar. Location consistency-a new memory
modelandcacheconsistency protocol. IEEE Transactionson Computers,
49(8):798–813,2000.

[10] KouroshGharachorloo,DanielLenoski,JamesLaudon,Phillip B. Gibbons,
AnoopGupta,andJohnL. Hennessy. Memoryconsistency andeventorder-
ing in scalableshared-memorymultiprocessors.In 25 Years ISCA: Retro-
spectivesandReprints, pages376–387,1998.

[11] J. R. Goodman. Cacheconsistency andsequentialconsistency. Technical
report,ComputerScienceDept.,U. of Wisconsin-Madison,1989.

[12] William KucheraandCharlesWallace. Theupcmemorymodel: Problems
andprospects.IPDPS,2004.

44



[13] L. Lamport.How to makeamultiprocessorcomputerthatcorrectlyexecutes
multiprocessprograms.IEEE Transactionson Computers, 9(29):690–691,
1979.

[14] K. McMillan andJ. Schwalbe. Formal veri�cation of the gigamaxcache
consistency protocol. In Proceedingsof the International Symposiumon
SharedMemoryMultiprocessing, pages242–51,1991.

[15] M. Moskewicz, C. Madigan,Y. Zhao,L. Zhang,andS. Malik. Chaff: En-
gineeringanef�cient satsolver. 39thDesignAutomationConference(DAC
2001),LasVegas,2001.

[16] ShazQadeer. Verifying sequentialconsistency onshared-memorymultipro-
cessorsby modelchecking.IEEE Transactionson Parallel andDistributed
Systems, 14(8):730–741,August2003.

[17] Xiaowei Shen,Arvind, andLarry Rudolph. Commit-reconcile& fences:
A new memorymodelfor architectsandcompilerwriters. In Proceedings
of the 26th International Symposiumon ComputerArchitectures,Atlanta,
Georgia, May 1999.

[18] Xiaowei Shen,Arvind, and Larry Rudolph. Commit-reconcile& fences
(CRF):A new memorymodelfor architectsandcompilerwriters. In ISCA,
pages150–161,1999.

[19] TheUPCConsortium.UPC LanguageSpeci�cationsV.1.2, May 2005.

[20] Yue Yang. FormalizingShared MemoryConsistencyModelsfor Program
Analysis. PhDthesis,TheUniversityof Utah,2004.

[21] KatherineYelick,DanBonachea,andCharlesWallace.A proposalfor aupc
memoryconsistency model,v1.0.TechnicalReportLBLN-54983,Lawrence
Berkeley NationalLab,May 2004.

[22] L. ZhangandS.Malik. Thequestfor ef�cient booleansatis�ability solvers.
In Procof CAV'2002, pages582–595,2002.

45


