AutomateaVeri cation of UPCMemory
Consisteng

By
OysteinThorsen

A THESIS

Submittedn partialful liment of therequirements
for thedegreeof
MASTER OF SCIENCEIN COMPUTERSCIENCE

MICHIGAN TECHNOLOGICALUNIVERSITY
2006



This thesis,”AutomatedVeri cation of UPC memoryconsisteny”, is herebyap-
provedin partial ful llment of therequirementdor the Degreeof MASTER OF
SCIENCEIN COMPUTERSCIENCE.

DERARTMENT: ComputerScience

Signatures:

ThesisAdvisor:

Dr. CharlesWallace

DepartmenChair:

Dr. Linda Ott

Date:




To mywife for all herloveandsupport.



Abstract

UPCis asharednemoryextensionto ANSI C. Its memoryconsisteng
modelis relaxed, allowing for optimization, but also permitting behaior
which may be surprisingto the nave programmer To allow betterunder
standingof thismemorymodel,we presenttool for analyzingthebehaior
of UPC programs. Given an executiontrace,the tool determinesvhether
theresultsarecompatiblewith theUPCmemorymodel. Thetool is tamgeted
at nevcomersto UPC who want to learnaboutits memorymodeland at
developerswhowantto verify possiblebehaiors of their programs.
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1 Background and Maotivation

A uniprocessocomputerlis sufcient for mostapplicationsput asingleprocessor
canonly getyou sofar. In addition,the moreyou try to stretchthis limit the cost
increasesxponentially practicallylimiting themaximumcomputatiorpowerone
processoican give you. Insteadof spendinga lot of money on that last bit of
performanceboost,it couldin mary casese muchbetterto usemorethanone
computeror processoiat a time. This way it will take longerto executeeach
instruction,but we canexecutemorethanoneinstructionat atime. Furthermore,
aslong asall instructionsdo not rely ontheresultof the previousinstruction,we
cansolve muchbiggerproblemsthanthe fastestuniprocessocomputerin much
lesstime, becaus®f the availability of increasedaw computingpower.

Any simulationwhereeachdatapoint change$asedn the neighboringdata
pointscanbe executedon mary processor#n parallel. (Many physicalphenom-
enalik e weathersimulationsfall underthis category.) If we usea grid to divide
thedatasetbetweerthe processorgachprocessocancomputeall datapointsin
theinterior of its partof the dataset. Thenit would needto do somecommuni-
cationto getthe neighboringdatapointson the exterior edgeof its datapartition.
Organizingandoptimizingthiscommunicatiorbetweertheprocessorss farfrom
atrivial taskandcanbedif cult for eventhe mostexperiencegrogrammer

In aregular C programyou do computatiorbasedon someinitial valuesand
give someoutputandary intermediateesultsarestoredin variablesfor reuse A
parallelprogramalsohasinitial valuesin the sameway, but intermediateesults
areoften calculatedby otherthreadsandit is up to the programmeto make sure
thatthethreadretrievesthoseresultsbeforecontinuingwith its computation.This
communications solvedin oneof two waysbasedn the programmindanguage
(or parallelextension)you use.

1.1 MessagePassingModel

TheMessage Passinginterfacd8] (MP1) is thedefactostandardor parallelcom-
puting on distributed memory systems. Its nameimplies that this languageis
indeeda goodexampleof the messge passingorogrammingnodel.
Messagepassingprovidesthe mostexplicit way of handlingcommunication
betweenprocessordy providing functionsto sendand receve chunksof data
betweerprocessorsThis basicform of processomteractionconsistof onepro-
cessoisendingsomedataandoneprocessoreceving thatdata.With thiswe can
createvery specializeccommunicatiorpatterndbecauseave controlthe exchange
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of every singlebit of data.

Thedisadwantagas thatit cangetvery complicatedevenfor smallprograms.
In mary caseswve needto do load-balancingluringruntimesowe do not always
know which processorshouldcommunicatetary giventime. But sinceathread
is requiredto know whereto sendits dataand/orreceve datawe needto calculate
this beforecommunicatingln somecaseghis maynotevenbepossible.

1.2 Shared Memory Model

The other alternatve is that every threadoperateson a global shaed address
space This meansthat every processorcan accesgylobal sharedmemorythe
sameway it accessegts local memory Allowing eachthreadto readandwrite
to a sharedmemorylocation using regular readsand writes insteadof special
messagdunctionsmeansthat the programmemo longerneedsto keeptrack of
how thememoryis distributedamongthethreads.

Thebehaior of sucha programis describedy how eachthreadobseresthe
changeso memory Thesechange$o memoryarereadandwrite operationf all
the threadsrunningthe program. Sincea memoryoperationcannotbe obsered
instantaneouslipy all threadsthereis no way of makingsurethatall threadsob-
senetheoperationsn thesameorder If thereareno constraintontheorderings
of theseoperationsijt will beimpossiblefor a programmeto predictthe beha-
ior of his program. The examplein Figurel shovs a UPC programwith a very
nonintuitive outputthatis actually possiblewhentherearefew or no constraints
ontheorderingof how athreadobseneschange$o memory

Normally aprogrammewmwould assumehatboththreadsvould outputl since
this would be the outputif boththreadsexecutedeachline of codeat the same
time. A programmexvould alsonormallyassumehatoneof thethreadoutputed
1 imaginingthatonethreadexecutedts programbeforethe other

This kind of unusualbehaior is often experienceddueto optimizationslike
reorderingof operationgif the instructionson line 3 and4 werereordered) or
caching(if thewrittenvaluesonline 4 werenotobsenedby the otherthreaduntil
afterit executedtheinstructionon line 5). Sometimeghis behaior is acceptable
to the programmerbut mostoftenit is necessaryo limit the possiblebehaior to
justafew possibilities.

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

Thereis no apparenteasomot to reordertheseinstructionssincethey operateon different
variables.



ThreadO Threadl
Program 1 shared int x = 0; shared int x 0;
2 shared int y = 0; shared int vy 0;
3 upc _barrier; upc _barrier;
4 x = 1; y =1,
5 print(y); print(x);
Output 0 0

Figurel: An exampleof unusualbut possibleprogrambehaior with a relaxed
memorymodel. (The upc _barrier  is a synchronizatiorfunction that makes
surethat both threadsdeclarethe variablesbefore continuing. upc _barrier
will beexplainedin detailin section2.2.1.)

betweenthe languagamplementorsandthe programmer This model puts con-
straintson how operationshouldbe orderedanddeterminesvhatlegal valuesthe
readoperationsanreturn. We call this a contractbecause programmeunusually
wantsa modelthatis easyto understandvhile a languageamplementorusually
wantsa modelthat allows as much optimizationas possible. Usually a model
thatis easyto understananeansmoreconstrainto©ntheobsenedorderingwhich
meandesspossibilitiesfor optimization. A memorymodelis usuallya compro-
misebetweerthesetwo philosophies.

1.3 SequentialMemory Consistency

Sequentiamemoryconsisteng[13] (SC)isthe rst proposednemorymodel.lt is
the easiestnemorymodelto understané@ndthe leastoptimizable.SCis similar
to the uniprocessomodel. This meansthat all operationsare serializedamong
the threads,causingthemto be obseredin the sameorderon all threads. This
commonorder preseresthe orderdictatedby eachprogram. It is importantto
noticethatthis modelstill hasthe non-deterministicatureof a parallelprogram.
Imaginehaving two decksof cards(representinghe programinstructionsor two
processorsjhat you shufe once. The combineddeck (the obsered order for
both threads)preseres the order from the initial decks,but the cardscan still
be combinedinto mary differentorderings. The factthatyou canhave all these



differentorderingseven underthe strictestmemorymodelis the implicit costof
executinga programin parallel.

If wetake anotheldook atthe programin Figurel we canimaginethatThread
0 prints0 becausd printedbeforeThreadl updatedy (line 3). We canalsoimag-
inethatThreadl canprint 0 beforeThread0 updates, buttheoutputspeci edin
Figure 1l (whereboththreadsprint 0) cannotbe explainedin termsof sequential
consisteng.

If we hadno memorymodelit would belike shufing thetwo decksasmary
timesasyou would like andthenthrowing themup in the air, andevery cardthat
wasoverlappingwhenthey fell to the groundwasobseredin the sameorderby
all threads.It would be completelyimpossiblefor the programmeto anticipate
thebehaior.

Eventhoughsequentiatonsisteng is desiredsometimesit is too strictunder
most circumstances.The sequentiaimemorymodel leaves very little room for
compileroptimizationtechniquesik e cachingandoperatiorreordering.

1.4 UPC Memory Consistency

Likemary othermemorymodelg6, 9,10,11,18]theUPCmemorymodelallows
amorerelaxedorderingof operationghanthe SCmemorymodel. As mentioned
aboveit is veryeasyfor aprogrammeto reasoraboutavery strictmemorymodel,
but it is hardto optimize. The morerelaxed a memorymodelis the harderit is
for a programmeto reasonabout. The reasorfor this of courseis theincreased
non-determinisntausedy differentobsered orderingson differentthreadsand
evenreorderingof instructionexecution.

In the UPCmemorymodel[21] all memoryoperationsomein two avors:a
strict versionanda relaxed version. A programwith only strict operation®beys
sequentiakonsisteng. Only relaxed operationsallow the compilerto re-order
most operationgthis will be explainedlater), andto decidewhena threadob-
senesachangan memory(it musthappersometimebeforethe programends).

Anyonenew to UPCwould nd it hardto understandhe UPCmemorymodel
(evenmary experiencedJPC programmersnd it hardto understand12]) soit
would be very bene cial for themto have a tool which canshav how unusual
behaior is actuallypossiblewith the UPC memorymodel.

For experiencegrogrammersvho alreadyknow thememorymodel,it would
be a handytool to verify larger programswhich would allow themto take maxi-
mumadwantageof the optimizationpossibilities.
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1.5 RelatedWork

Thework donein this thesisreportis built onthework doneby Yangin his Ph.D.
Thesis[20] wherehe createda similar tool for the Intel Itanium memorymodel
[3]. He shaws thata non-operationamemorymodelspeci cationcanbe made
executableby corverting the problemto a SAT problemandthenusinga SAT

solverto determindegality, which we will discusghedetailsof later.

Thiswork andYang'swork t into the “model checking”approactto veri -
cation. In this approachthe systembeingveri ed is modeledandan exhaustve
searchs performednthemodelspaceto determinevhetherthecorrectnesson-
ditionsaremetin all possiblesearchesTherehasbeena signi cant amountof
work on automatedeasoningaboutmemoryconsisteng using modelchecking
[7, 14, 16]. Unlike theseearlierefforts, this work andYang's work useBoolean
propositionsratherthan orderedbinary decisiondiagrams(OBDDs) as system
models. Veri cation thenreducedgo the SAT problem. Recentlythis approach
hasshawn to signi cantly outperformthe OBDD approach5].

We can think of model checkingas a bottom-upapproach,with intensie
searclof possiblemodelcon gurations.In contractthetop-dovn term-rewvriting
approach17, 4] takesthe original executiontraceandrewritesit, basedon a set
of axiomsthat constitutethe memorymodel speci cation. The term rewriting

procedureaimsto reducethe original input to a tautology muchlike a standard
deductve proof.
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2 UPC LanguageFeatures

To understandhe behaior of a programwe have two sourcesof information;
the sourcecodeandthe programs output. Sincethe programcan (potentially)
outputary valuesreadfrom memory we will assumehatwe know everything
theprogramreadsfrom memory

In mary parallelprogramst is notpredetermineavhichthreadshouldexecute
ataskor a sggmentof code. But to preventall threadsfrom executingthe same
tasktheremustbe somepreconditionghat ensurethat only onethreadexecutes
that partof the code. And sincewe know the obsered stateof the memorywe
canassumehat we know what operations/instructionghere executedby each
thread.

Basedon this informationwe cande ne anexecutiontrace whichis anide-
alizedlist of operationgor eachthreadorderedby whenthey wereexecuted.The
list is idealizedbecauseghe compilercanrearrangeperationdeforeexecution,
but from the programmers view the executiontraceis the orderof execution.

From the programin Figure 1 the executiontracefor ThreadO would be a
write to x followed by a readfromy. For Threadl we would have a write to y
followedby areadfrom x. Fromthe sourcecodewe know thatthetwo writesuse
thevaluel andbasedon the outputspeci ed in Figure 1, we know thatthe two
readsreturnedthevalueO.

The UPC memorymodelconstraindhow communicatiorbetweenthreadss
obsenred, it alsoconstrainshow operationscanbe reorderedon a threadbefore
execution.We will look attheseconstraintsn detaillater.

As explainedearlierwe wanta morerelaxed memorymodelso thatwe can
optimizebetter This includesreadingandwriting valuesfrom/to memoryearlier
or later (by reorderingoperationsthatwhatwasspeci ed by the programmein
the sourcecode. Sometimesve may evenusean earliercalculatedvalueinstead
of checkingthe sharednemory We cando this becausét is the sameasif other
threadsobsered a write immediatelyfollowed by a readfrom the samethread.
Soif the memorymodel constraintsallows the readto be obsened right after
the write theneverythingis ok. Soevenif athreaddoesnot always executeall
operationghey “act” asif they did, sowhenwe createan obsered orderingfor
all threadswve mustincludeall writesto memory

We know that strict operationsare sequentiallyconsistenand mustform an
orderthatall threadsagreeupon. This meanghatevery threadmustobsere all
strict operationsandthatif you only look at the strict operationghey shouldall
beobseredin the sameorderon all threads.The samedoesnot applyto relaxed
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operationsothey canbeobsenedin adifferentorderon differentthreads.

An executiontracefrom aUPC programis legal if all constraintslescribedn
the UPC memorymodelaresatis ed. This includesanobsenedtemporalorder
ing for eachthreadwherethereadvalueof areadmatchwith thelatestobsened
write to the samevariable/memoryocation. All strict operationsmusthave been
obsenedin thesameorderby all threadqthe globalstrict order).

2.1 upc fence

Theupc fence operations away of ensuringhateverythingathreadnasdone
beforethe fencewill be obsened by all otherthreadsbeforethe threads oper
ationsafter the fence. But sincethis is the sameasary strict operationwe can
safelytreatupc _fence asastrictoperatiornthatdoesnothing.

2.2 Collective Operations

UPC[19] hascertaincollectiveoperationsA collective operations anoperation
whichis calledby all threadsandin thesameorder We will discusghecollective
operationghatareusedfor synchronizatiorpurposes.

2.2.1 upc _barrier

Thisis conceptuallythe easiessynchronizatioroperationofferedby UPC.When
athreadcallsupc _barrier it cannotexecuteary furtherinstructionsuntil all
otherthreadshave calledthesameupc _barrier . Wheneachthreadhascalled
upc _barrier  they shouldalsoagreeonthecontentof thesharednemory This
practicallybreaksup the programinto two subprogramsvherethe rst program
“returns” whatever is in memoryat the barrierandthe secondprogramusesthat
memoryasits initial values.

In termsof constraintave canthink of upc _barrier  asacollective version
of upc _fence , wherethe operationsssuedbeforetheupc _barrier  hasto be
obsenedbeforebeforeevery otherthreadscall to thatupc _barrier

2.2.2 upc notify and upc _wait

In mary casesa barrierwould be sufcent to synchronizehreadsput sometimes
somethreadgyetto thebarriermuchearlierthanothers.Soinsteadof lettingthese

2The UPC Specdescribeshis asastrict no-op.
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threadswait idly until the lastthreadgetsto the barrier we wantthemto usethis
time to performsomework.

Thesplit-phaséarrier consistf two collectve operationsywhereupc _notify
signi es the beginning of the barrierand upc wait signi es the end. When
athreadcalls upc _notify it noti es the otherthreadsthat it hasreachedhe
barrier Betweencallingupc _notify  andcallingupc _wait it canexecuteary
numberof instructionsput withouttheguarante¢hatall thethreadshave nished
their computationsup until the barrier Normally a programmerwould let the
threaddo computatioron local dataor shareddatathathasnot changedsincebe-
foreanearlierbarrier Whenathreadeventuallycallsupc ‘wait it muststopand
donothingjustlike anormalbarrieruntil all threadshave calledupc _notify

The split-phasebarrieris the mosttricky of the operationgo modelbecause
of its complicatedcollective behaior. On athreadthe notify andwait bothwork
as a fencesinceno operationscan be moved pastary of them, but operations
issuedbeforea upc _notify ~ canbe obsened anytime beforethe correspond-
ing upc _wait on otherthreadsand operationsssuedafter upc _wait canbe
obsenedanytime afterupc _notify ~ onotherthreads.

If nooperationsaareissuedoetweerupc _notify  andupc _wait thepair of
operationsvorksexactly like upc _barrier

Examplell (page40) shovs how a barrierpreventsa threadfrom observing
operationgssued(by otherthreads)afterthe barrier In Examplellb (page4l)
we canseethatwe have the sameproblemwhenthebarrieris replacedy a split-
phasebarrier Examplellcis anexampleof whatthe readoperationmusthave
obsenedfor this executiontraceto belegal.
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3 Input

Theinput to the tool mustincludethe sequencef operationsexecutedby each
thread,aswell asthe valuesreturnedby all readoperationgan executiontrace).
Following thenamingcornventionsin the UPCmemorymodelwe have developed
a grammar(Figure 3) that encapsulateall the information neededo apply the
rulesof the UPC memorymodel. Examplel (page30) is a very simpleexample
of an executiontracefollowing the grammar The executiontraceshaows a list
of initial valuesanda list of operationdor eachthreadwhich is orderedbased
on the programorder (the order speci ed by the programmer). In additionto
the constraintof the context free grammay all threadsmustcall the collective
operationgin thesameorder),aupc wait mustbeprecededyy aupc _notify
andno collective callsareallowedbetweemaupc _notify  andaupc -wait .
When we compareoperationswe can checkthe line in the executiontrace
to seeif they arereador write operationsjf they arestrict or relaxed andwhat
valuesthey read/write. Otherinformationlike what threadthey are on requires
a little more searching.Insteadof doing this searchingevery time we needthis
information, it is much more practicalto storethe operationsasa setof tuples
whereall possibleinformationis storedin one place. We will discusshow we
storethe samenformationastuplesandwe will explain how thetool corvertsan
executiontracewritten accordingto thegrammaron pagel6to a setof tuples.

3.1 Operations Representation

Operationsare encodedas tuplesbecausehe explicit information allows us to
describeheorderingconstraintdetweerthemin abetterway. To beableto store
all the neededinformationwe usea 9-tuple, but not every eld is usedfor all
tuples.

Tuplei = hd; src;iss; obs;pc;op;cons;var; datai where
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executiontrace : init_parf execpart
init_part . startvaluesinit_expr*
init_expr > variable= value
execpart : numthreads= valuethreadtrace*
threadtrace : threadinstr*
instr : reg_instr

j syncinstr
reg._instr : op ( variable, value)
op ' RR

j RW

j SR

] SW
syncinstr . upc_fence

j upc_barrier

J upc_notify

j upc_wait

a0ptional

Figure2: Executiontracegrammar
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idi = id : globallD of thetuple

srci = src  : thelD of theoriginal operation

issi = iss  :issuingthread2 [0::THREADS 1]

obsi = obs : observinghread2 [0:THREADS 1]

pci = pc . programcounter

opi = op . operationtype?2 f Read;Write; N otif y; Wait; Fencegy
consi = cons: coherencaype?2 f Strict; Relaxedy

vari = var : sharednemoryvariable

datai = data : areador storedvalue

andTHREADSSs thetotal numberof threadsnvolvedin the executiontrace.

3.2 Tuple Generation

Eachoperationin the executiontraceis representedby either onetuple or one
tuplefor eachthread.The generalrule is thatif oneof the elds in thetuplecan
have a differentvaluefor eachthreadwe createa tuple for eachthreadsuchthat
all the possiblevaluesarerepresented.

An operationthatis representetdy morethanonetuplewill have a different
obs value for eachof the tuples. We will call the tuple whereiss i = obs i
the original tuple andthe othertupleswill be calledduplicatessincethey arethe
obsenedversionof the original operation/tuple.

Let uslook atanexamplesetof tuplesthatweregeneratedrom the execution
tracein examplel (page30).

id src iss obs pc op var cons data
0 O 0O O 0 Read X Relaxed 1
1 1 0O O 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 tuplesgeneratedrom the executiontracein examplel.

The rst operationis representetdy tuple 0 sinceonly theissuingthreadwill
obsere arelaxedread. The rst operationfrom the secondhreadis represented
by tuple 3 for the samereasonsThetwo write operationsarerepresentetdy one
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tuple for eachof the threadswherethe obsened threadis differentfor the two
tuples.Noticethatthe duplicatetupleshave theid of the original tuplein thesrc
column.

All strictoperationsareobseredby all threadsut sinceall operationgnust
beorderedn thesameway on all threadswith respecto a strict operationwe do
not needto duplicatestrict operations.

A collective operationis a strict operation put collective operationsaredupli-
cated because¢hey have a differentpc valuefor eachthread.

3For collective operationghe “original tuple” will bethe oneissuedby thread0. It couldhave
beenary thread but it hasto beasinglethreadsothatall thecallsto thesamecollective operation
have the samevaluefor src.
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4 Qutput

If the executiontraceis legal, we wantto shav a graphdisplayingthe obsered
orderingfor eachthread,andif it is not legal we wantto shov why. For thiswe
usea graphdrawving packagg1] that displaysthe tuplesasnodesin a directed
graph.

Sincethe constrainton the tuplesareall constraintdbetweenpairsof tuples
we canhave a solutionwherethereis an edgebetweenall pairsof tuples. But
sincewe have a legal executiontraceandthat eachobsered orderis a temporal
ordertherecanbe no cycles. Sowithout losing ary informationin the ordering
we canremove edgesmplied by transitvity. For illegalexecutiontracesnve know
theremustbeacycle preventingthis temporalorder In thatcasewe wantto shaov
all thetuplesandedgesnvolvedin thatcycle (or cycles).

Basedontheoutcomeof theprogram two operationsill have adirectededge
betweerthemshaowving which operatiormusthave beenobseredbeforethe other
for the executiontraceto belegal. Sincethe graphrepresents temporalorderof
operationgherecanbeno cycles.If acycle is shovn the programwould nd the
executiontraceto beillegal.

To display multiple orderingsin a single graphwe have two options: each
orderis representedby differentedgesor eachorderis representedby different
node$. Thetwo optionsaredisplayedn Figure4. We choseo gowith thesecond
optionbecauseisuallyit is mucheasietto nd acyclein thegraphthanto nd a
cycle which consistf edgesf only onecolor.

We choseto go with the secondoption becauset is easierto think about
constraintghatway.

All regular(readandwrite) strictoperationsarein blackbecausehey arepart
of the obseredorderfor all threads.Seeexample9 on page38 for a graphwith
strictandrelaxedoperations.

Theupc _barrier  operations alsoin blackeventhoughit is representetly
multiple tuplesbecausdasedon thede nition of abarrierit is naturalto display
it asoneoperation(seeexamplellaonpage4l).

All othertuplesarecolor-coded basedn which threadobsenesthattuple.

In contrasto theupc _barrier , upc _notify  andupc wait arenotdis-
playedasonetuple. Thereasons thatthreadscanobsene otheroperationse-
tweencallsto the samecollective operationupc _notify  orupc _wait ). Even

4Thisis why someoperationsarerepresentetdy morethanonetuple.
5In this paperthreadO is representetdy the color blue (or darker) andthread1 is represented
by the color green(or lighter).
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RR(,1)

RW(x,2) (5): RW(x,1) (2): RW(x,2)
RR(x,2) (0): RR(x,1) (3): RR(x,2)
RW(x,1) (D: RW(x,2) (4): RW(x,1)

Figure4: Thetwo possiblewaysto displayall orderingsn onegraph.

thoughall threadsneedto obsere all callsto the samecollective it is important
to distinguishbetweerthecalls,sowe have decidedo color codethesecollective
callsbasedn thethreadthatissueshem.

To extract the obsened order of threadO you must follow the graphfrom
top to bottom visiting all nodesin blue and black, all upc _notify 's andall
upc wait 'swithoutvisiting nodeswith any othercolor. Thestrictorderingcan
beextractedby visiting all theblacknodesupc _notify sandupc wait s. You
canvisit othernodesput they arenot a partof the strict commonordet

Thegraphshavn to theright in Figure4 we will getthefollowing orderings.
For ThreadO theobseredorderingis RW(x,1)! RR(x,1)! RW(x,2)wherethe
rst operations issuedby Threadl. Theobseredorderfor Threadl is RW(x,2)
I' RR(x,2)! RW(x,1) wherethe rst operationis issuedby thread0. Thereis
no commonstrictordersincethereareno strict operationsn this executiontrace.
Seeexample6 (page35) for an examplewherethereare both relaxed andstrict
operationsn thegraph.
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5 Implementation

The programreadsthe executiontraceand corvertsit into a setof tuplesusing
a bison/ ex parser The tuplesare thenfed into the SAT generationprogram.
Whenall the clausesaregeneratedhe SAT solver triesto solve the problem. If
a solutionis found the programprints a graphshowving a possibleordering. If a
solutionis not found we extractthe cycle from the SAT encodingand outputsa
graphshawing thecycle.

5.1 What is SAT and CNF-SAT

TheBooleansatis ability problem(SAT) is a decisionproblemwhereyou have
a Booleanexpressiorcontainingvariablesandthelogical operators* (AND), _

(OR) and: (NOT). The problemis to decidewhetherthereis an assignmenof

trueandfalseto thevariableqavariableassignment3uchthatthewholeBoolean
expressioris true. If thereis suchanassignmenthe problemis consideredatis-
able, otherwisat is consideredinsatis able.

CNF-SAT is a constrainedrersionof the satis ability problem.In CNF-SAr
theBooleanexpressioris in conjunctivenormalformwhichmeanghatit isacon-
junctof disjunctclausesA disjunctclauses alist of variableghatareOR'edto-
gether A conjunctof theseclausesneanghatthesedisjunctclausesareAND'ed
together This meansif the expressionis satis able, thenevery clausemustbe
satis able. Thereforeif we canrepresentevery constraintas a clauseand the
expressions satis ablethenevery constraintmustbe satis able.

5.2 Using SAT To Find Observed Orderings

DespitethefactthatSAT (andCNF-SAT) is NP-completave cansolweinteresting
problemg(like ours)in areasonablamountof time. Extensve researcthasbeen
doneon SAT solversandasaresultmary large problemscanbe solved.

Findinga satisfyingvariableassignmenis a state-spacsearchwherea good
heuristicfunctionand/orgoodpruningcandrasticallyreducethe time it takesto
nd asolution.For amorecomprehensie overview of theadwancesdonein SAT
solving over the last few yearsconsult[22]. Oneof the fastestgeneralpurpose
SAT solwersis zChaf[15, 2].

Due to advancementsn SAT solversandthe ability to easily expresssome
problemsasBooleanexpressionsmary problemsarereducedo the SAT problem
anda SAT solwveris usedto nd asolution.
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To do this with our problem,we must rst shav thatit is in NP. This means
thata solutionto our problemcanbe veri ed (checkthatthe solutionis valid) in
polynomialtime. We prove this asfollows.

Lett bethe numberof threadsn the executiontraceandn be the maximum
numberof operationdor ary thread. If we have anorderingfor eachthreadwe
cancheckevery pairof operationgn?) with every constrainin thememorymodel
(thereis a constaninumberof constraints).In the worst caseall operationsare
obsened by all threadsgiving us a compleity of O(tn?) which is polynomial.
To checkif readoperationgeturna legal value,we cansimply startat the node
representinghereadoperatiorandtraversethegraphin the oppositedirection. If
we getto a correspondingvrite without encountering con icting write theread
returnsa legal value. For eachreadoperationwe needto checkat mostn 1
tuples.Sincethis hasto bedoneat mostn timesit is polynomialaswell.

5.3 ReducingTo CNF-SAT

Whenwe take a problemandencoddt asanothemproblemwe call it areduction.
SinceCNF-SAT is an NP-completeproblemand our problemis in NP we can
reduceit to CNF-SAI. This meanghatif our problemis legal thenthe encoded
CNF-SAT versionis satis ableandif our problemis notlegalthe CNF-SAT ver-
sionwill notbesatis able.

In additionto determininglegality we alsousethe variableassignmenfrom
the CNF-SAT solutionto determinethe obsenred ordering. Our SAT-solver of
choice(zChaf) alsogivesusalist of unsatis ableclausesf theentireexpression
is unsatis able. We usetheseclausedo nd thetuplesthat causethe execution
traceto beillegal.

5.4 SAT encoding

As shawvn in [20], usinga SAT solverto nd a legal orderingfor an execution
traceis possible. The reductionto CNF-SAT is very intuitive becausehe ques-
tion whetherone operationshouldbe orderedbeforeanotheris the sameasone
variablein SAT is true or false. We usetwo variablesfor eachpair of operations
(i andj), onefor “i mustbe obseredbeforej” (order i j) andonefor “j must
beobsenredbeforei” (order j i)8. If thememorymodelspeci esthattwo oper

6We could have usedonly onevariable,but thatwould imply thatevery two operationgmust
beorderedn someway. But we know thatfor examplerelaxedreadsareonly partof theobsenred
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ationscannotbe obseredatthe sametime we mustmake surethatoneoperation
is obseredbeforethe other In SAT we encodethisasorder i j _ order j i.
This encodingensureghati is obseredbeforej orj is obseredbeforei. Since
mostof the constraintdn the UPC memorymodelarewritten like this they are
easyto translatanto SAT.

To make surethatevery readreturnsa legal valueit mustreferto a write that
writes thatvalue. We usethe variablereads a b for this relationship. Thereis
oneof thesevariablesor every pair of correspondingeadsandwrites.

5.5 UPC Memory Model Constraints In First Order Logic

The UPC memorymodelis alreadystatedas a setof Booleanexpressionshut
theseexpressiononly shav the constrainton how a threadcanobsere opera-
tions. Sincewe wantto encodethe obseredorderfor all thethreadsat once,we
needto modify thoseexpressions little. As abasisfor our constraintsve usethe
predicateorder i j asexplainedabove andpredicateeads i j to saythattuplei
(aread)getsits valuefrom tuplej (awrite). Boththesepredicatesrerepresented
by variablesn the SAT encoding.

tuplesis thecompletesetof tuplesandorder is the setof orderingpredicates
(thesolution).T hr eadsis thetotal numberof threads.

5.5.1 Helper Functions

To make the constraintamore compactandintuitive we have usedsomehelper
functions.

isReadi opi= Read
isWrite i opi = Write
isStricti  consi = Strict
isRelaxedi consi = Relaxed

obsewvedtuplesthr  fi 2 tuplesj obsi = thr _ isStrict ig

Sameasabove only for tuplesobsenedby thr .

orderingfor the issuingthreadand shouldthereforenot 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 areimplied by thedescriptionof whatanorderingis andwhatmustbe
truefor theorderingto belegal.

requireTransitiveOrder tuplesorder  8i; j; k 2 tuples:
(orderij ™ orderj k)) orderik

If i is orderedbeforej andj is orderedbeforek, thenthatmeanghati must
alsobe orderedbeforek.

requirelrr e exiveOrder tuplesorder  8i 2 tuples:: (orderi i)
Operation cannotbe orderedoeforeitself.

requireDeterministicOrder tuplesorder 8t 2 Threads8i; | 2 tuples
((obsj = t)~ (obsi = t)) _ ((isStrict i) _ (isStrict j))
) orderij _orderj i

A threadcannotbbsenetwo operation@tthesameime sooneoperatiormust
have beenobsenedbeforetheother Theobsvaluespeci estheobservinghread,
but sincestrict operationsare obsered by all threadsthe constraintalso makes
surethattuplesareordered,in someway, with respecto strict operations.This
alsoassureshatall strict operationsare orderedwith respecto eachother The
last constraintmakessurethatall operationobseredby onethreadareordered
in someway andthe rst two make surethatthereareno cycles.

5.5.3 UPC Constraints
5.5.4 requireProgramOrder

Someof the operationgspeci ed by dependOnThreadshustnot be reordered
accordingto the programorder(programcounter).

requireProgramOrder tuplesorder 8ij 2 tuples:
dependOnThreadsi j ) orderi |
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Theoperationghatcannotbereorderedreoperationsvhich operateonthesame
variablewhereoneis awrite’. No operationsanbereorderedwith a strict oper
ationonthe samethread®.

dependOnThreadsi j (pci < pcj)” (issi = issj)
A(conicting i j _ strictOnThr eadsi j)

conicting ij vari=varj ™ (isWrite i _ isWrite |)
strictOnThreadsi j  (isStricti _ isStrict])

If an operationcannotbe reorderedwith an operationon the issuingthread,
thenthosetwo operationsnustbe obseredin thesameway on otherthreadghat
obsene bothof thoseoperations.

collectiveOrder tuplesorder  8i;j 2 tuples
(op i = notify )™ (opj = wait) " (srci = srcj)
) order i]j

Fromthe de nition of the split-phasebarrierno operationscanbe reordered
with upc _notify ~ or upc _wait (asif they were strict operations).all opera-
tionsissuedbeforea upc _notify  mustbe obsered beforethe upc wait on
otherthreadsandall operationgssuedafteraupc ‘wait mustbe obsenedafter
upc _notify  on all otherthreads.The rst partis taken careof by requirePro-
gramOrdersinceupc _notify  andupc _wait areconsideredstrict operations.
Theremainingtwo aretakencareof by collectveOrdemwhereeachupc _notify
mustbe orderedbeforeall other(matching)upc _wait s.

i andj couldbeonthesamethread but in thatcasethis constraintvould not
mattersincethey would alreadybe orderedoy programorder

For upc _barrier  we do alittle trick. Insteadof makingconstraintson all
thetuplesthatrepresenaupc _barrier  we createconstraintonly on the orig-
inal tuple. When,for example requireProgramOrdeareates constrainbetween
anoperationanda call to the barrieroperationbasedon its programcountey we
replacetheduplicatetuplewith theoriginaltuplein theorderpredicate This way
we do not have to createary constraintdetweerntheupc _barrier  tuples,we
justtreatit asaregularstrict operatiorwhich hasa differentpc on eachthread.

"Identi ed by Same\ariablein thegraph.
8]denti ed by StrictOnThreadn thegraph.
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5.5.5 requireRead\alue

Sinceevery threadmustbe ableto explain a valuereturnedby a read,we must
applythis constrainton onethreadatatime.

requireRead\aluetuplesorder 8t2 THREADS
81i;J; k 2 (observed tuplest)
isRead (k)"
isWrite (i)~ (var i = var k) * (value i = value k)"
isWrite (j) ~ (var j = var k) (value j 6 value i)
) :reads ki _order ji_ order k|

If k readsfromi all con icting writesmustbe orderedbeforei or afterk.

requireReadOrdertuplesorder  8k;i 2 tuples
isRead (k)"
isWrite (i) » (var i = var k) * (value i = value k)*
) :reads ki _order ik

If k readsfrom i theni mustcomebeforek.

If thereis aninitial valuefor the variablein questionthenthe readcanrefer
to thisand: reads k init _ order k j is creatednsteadto forceall con icting
writesto beobseredafterk.

For every readoperatiorwe createa clausewhereoneof thereads k i predi-
catesmustbetrue.

The sumof theseconstraintdorcesevery readto getits valuefrom a write
thatis obseredbeforetheread. All otherwritesto the samelocationthatwrites
a differentvaluemustbe obsered beforethe write or aftertheread. reads Kk i
canbetrue for morethanonei for onek, but sinceeveryi writesthe samevalue
it doesnot matter(the only constraintve wantto applyis thatthereexistsatleast
one).

5.6 ClauseGeneration

For every constraintwe nd tuplesthatsatisfytheregularconstraintsandcreatea
clausebasedntheimplication.
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5.7 Extracting Orderings from SAT Results

As mentionedin the OutputSectionwe usethe variableassignmento createa
graphfor a legal executiontrace. For anillegal executiontracewe needto do a
little extrawork becausall we getfrom the solver is the clauseghat cannotbe
satis ed.

We caneasilycheckthe clausedor the tuplesthatareinvolvedin the cycle.
Theedgedetweerthetuplesdependn whatkind of clausesve get.

At leastoneof theclauseswill befrom theirre e xive constrainjust because
we gotacycle, but we do notneedto createary edgedecaus®f this clausesince
we canseethatthereis acycle.

FortherequireProgramOrdandcollectveOrderconstraintsve have enforced
anorderbetweerpairsof tuplessowe createedgedor theseclauses.

If thereis acon icting write thatis forcedbetweera readandits correspond-
ing write, we createedgesfrom the readto the con icting write and from the
con icting write to the correspondingnrite (sincethe con icting write should
have beenobsenred beforethe write or aftertheread). In the casewherearead
returnstheinitial valuetherewill only be oneedge,anedgefrom thereadto the
con icting write.

If no correspondingvrite canbeobsenedbeforearead,therewill beonecy-
cle for eachpossiblecorrespondingvrite, explainingwhy neitherof themcannot
be orderedbeforetheread.In this casewe have a edgefrom eachof the possible
correspondingvritesto theread.
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6 FutureWork

Many ideasof additonsandmodi cationsto this work hasbeendiscoveredwhile
creatingourtool. We would lik e to describea few of themhere.

Eventhoughwe have shovn thatthistool makesit easietto reasorwith small
executiontraces,t would be interestingto seehow it scaleso biggerproblems,
notonly in computatiortime, but alsoin understandabilityBasedon theseresults
we may changethe outputto improve understandabilityn both smallandlarge
problems.

Theinputis now basedn amanualcorversionfrom sourcecode/outputo an
executiontrace. Oneway to improve this tool would be to minimize this gapor
maybefully automatet.

It is a known fact that memory modelsare notoriously hard to understand,
partly becausdhereare several ways of specifyingandthinking aboutthem. It
would be valuableto be ableto switch betweemon-operationahndoperational
views.
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7 Examples

All the examplesusedin the memorymodelto showv the desiredbehaior can
befoundin this section.Eachexampleis shovn with anexecutiontraceandthe
solutiongraphgivenfrom our program.

The operationgn the graphsarenumberedwith anid. Thisid is notunique
sincerelaxed write operationsareduplicated.Referto the executiontraceto see
which of thethreadsssuedthe operation.
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7.1 Examplel

startwalues
x=0

numthreads 2

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

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

(5): RW(x,1) (2): RW(x,2)

(0): RR(x,1) (3): RR(x,2)

(D: RW(x,2) (4): RW(x,1)

Fromthesolutionwe canseethatwe have alegalexecutionwhereboththreads
obsenesthe other threadswrite beforeits own operations. We have no strict
operationsothereis nocommonstrictorder
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7.2 Example?2

numthreads 2

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

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

(2): SR(x,2) (0): SR(x,1)

Possible source BtrictOnThread Possible source BtrictOnThread

(3): SW(x,1) (1): SW(x,2)

This executiontraceis notlegalbecauseve have acyclein 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-
tionscannotbereorderedn athread(StrictOnThread).
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7.3 Example3

numthreads 2

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

thread
RR(y1)
RR(x,0)

(2): RW(y,1) (5): RR(x,0)

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

(4): RR(y.1)

(1): RW(x,1)

This executiontraceis legal becausahreadl can obsenre the writes from
threadO in adifferentorderthanthreadl becausehey arerelaxed operationsand
they operateon differentmemorylocations.
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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) (5): RR(x,0)

(4): Rw(y.1) (3): RW(y.1)

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

Herewe canseethateachreadhappensaftera correspondingvrite. Thisis
possiblebecauseaall operationsare relaxed and operatingon differentmemory
locationsandcanbeobsenedin ary ordet
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7.5 Example5

numthreads 2

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

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

(2): S\N(X,l) 'Conflictingwrite. (0): S\N(X,Z)
) 4 ) 4

rictOnThread \Conflicting write rictOnThread \Conflicting write

(3): SR(x,2) (2): SR(x,1)

Eventhougheachreadis precededy a correspondingvrite, oneof thewrites
mustcomebeforethe othercausingoneof themto con ict with theotherread.

34



7.6 Example6

numthreads 2

thread

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

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

(D: RW(x,1)

(0): RW(x,1) (6): RR(x,1)

(2): SW(y.1)

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

(5): RR(x,2)

A legal executionwherethreadl is observingits relaxed readsout of ordet
Note thatthreadO is observingonly its own operationsandthat they areall ob-
senedin programorder Threadl is observingthe relaxed writes from threadO
onthesamesideof the strict operationbecaus®f the strict 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)

(5): RR(x,2) (D: RW(x,1)

eVariable %A/neVaria&onﬂicti ng write

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

Possible source

Conflicting write

(8): RR(x,1)

This executiontraceis not legal. Fromthe solutionwe canseethatwe only
have aproblemwith theobseredorderfor threadl. (4) istheonly possiblesource
for (5) and(1) is the only possiblesourcefor (8) andsince(1) and(4) cannotbe
reorderedecausehey operateon the samevariable thisis notlegal.
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7.8 Example8

numthreads 2

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

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

(0): RW(x,1) (4): SR(x,2)

eVariable JConflicting write Possible source rictOnThread

(2): R\N(X,Z) < Conflicting write (5): SR(X,l)

Another executiontracethatis not legal. Herewe have the sameproblem
aswith Example7 (page36) wherethe two writes mustbe orderedaccordingto
programorderbecauséhey write to the samememorylocationwhich cause4?2)
to con ict with (0) beingthe sourceof (5).
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7.9 Example9

numthreads 2

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

thread
SR(y1)
SR(x,0)

(2): RW(y.1) (3): RwW(y.1)

(4): SR(y.1)

(5): SR(x,0)

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

Now thewritesareno longeroperatingon the samememorylocationandcan
thereforebe obseredout of order makingthis alegal executiontrace.
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7.10 Example 10

numthreads 2

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

thread

RR(y1)
RR(x,1)
RR(x,0)

(5): RR(x,0)

(2): RW(x,1)

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

(2): SW(y.1)

(3): RR(y.1)

Thisis legalbecaus¢hreadl canobsereits readsout of order
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7.11 Examplella

numthreads 2

thread
RW(x,1)
upc barrier

thread
upc barrier
RR(x,0)

(1): RW(x,1)

rictOnThread

(2): upc_notify(0)

Conflicting write pync

(5): upc_wait(0)

rictOnThread

(6): RR(x,0)

This executiontracas illegal becauseahe write mustbe obsered beforethe
upc _barrier  onboththreadsandwill thereforecon ict with thereadonthread
1.
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7.12 Examplellb

numthreads 2

thread
RW(x,1)
upc.notify
upc wait

thread
upc.notify
upc wait
RR(x,0)

(D: RW(x,1)

rictOnThread

Conflictingwrite | (2): upc_barrier

rictOnThread

(4): RR(x,0)

Thisis notlegalbecaus€l) mustbe obsernedbefore(5) on boththreads.
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7.13 Examplelic

numthreads 2

thread
RW(x,1)
upc barrier

thread
upc barrier
RR(x,1)

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

(2): upc_barrier

(4): RR(x,1)

Thisis legal becaus¢hereadnow correspondsvith thewrite issuedby thread
0.
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7.14 Example 12

numthreads 2

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

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

(1): RW(x,1) (5): RW(y,1)

%ri ctOnThread %ri ctOnThread

Conflictingwrite | (2): upc_notify(0) Conflictingwrite | (6): upc_notify(0)

rictOnThread %ri ctOnThread

(3): RR(y,0) (7): RR(x,0)

This is not legal becauseave canonly satisfyoneof (3) and (7). The other
operationwouldreadanillegalvaluewhichwould make theentireexecutiontrace
illegal.
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