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Abstract

In this paper we investigatethe practical perfor
manceof lock-freetechniqueshatprovidesynchro-
nization on shared-memorynultiprocessors. Our
goalis to providea techniqueto allow designerof
new protocolsto quickly determinean algorithm’s
performancecharacteristics.We developa simple
analyticalperformancanodelbasednthearchitec-
tural observationghat memoryaccesseare expen-
sive, synchronizatia instructions are more expen-
sive,andthatoptimistic synchronizatiorpoliciesre-
sultin wastedcommunicatiorbandwidthwhich can
slow the systemasa whole. Using our model,we
evaluatethe performanceof five existing lock-free
synchronizatia protocols. We validateour analysis
by comparingour resultswith simulationsof a par
allel machine.Giventhis analysiswe identify those
protocok which showpromiseof goodperformance
in practice.ln addition,we notethatno existingpro-
tocolsprovideinsensitvity to commondelayswhile
still offering performancesquivalentto locks. Ac-
cordingly, we introduce a protocol,basedon a com-
bination of existinglock-freetechniqueswhich sat-
isfiesthesecriteria.

1 Introduction

An important and relatively new classof concur
rent objects are those which synchronizewithout
locks. The largestbarrier preventingthe adoption
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lock-free synchronizatiorprotocolsis their perfor
mancein practice. In the commoncase,lock-free
protocolshavehigherlatencyandcangeneratenore
contentionthantraditionallocks. While therehave
beenefforts to build more efficient protocolsand
to optimize existing ones, little hasbeendoneto
describetheir performancen general. In this pa-
per, we presenta modelwith which we investigate
thepracticalperformancef severapreviouslypub-
lishedlock-freesynchronizatiorprotocols.Our per
formancemodel reflects three important architec-
tural characteristics First, that remotememoryac-
cessearemoreexpensivehanlocal, cachednem-
ory accessesSecond that synchronizationnstruc-
tions can be more expensivethat normal memory
references. Third, that optimistic synchronization
policiesresultin unsuccessfuhreadupdatesvhich
consumecommunicationbandwidthand slow the
progresf the successfuthreads.

Given our analysis,we notethat no existing pro-
tocolsprovideinsensitivity to commondelayswhile
still offering performanceequivalentto locks. Ac-
cordingly, we introducea protocol,basedon a com-
binationof existinglock-freetechniquesywhich pro-
videslow latencyandinsensitivty to preemptiorde-
lays.

1.1 Background

Threadgunningon shared-memorynultiprocesscs
coordinatewith eachothervia shareddatastructures
called concurrent objects. In orderto preventthe
corruptionof theseconcurreniobjects threadsneed
a mechanisnfor synchronizingtheir access. Typ-
ically, this synchronizationis provided with locks
protectingeritical sectionsgnsuringhatatmostone
threadcanaccessan objectat a time. Concurrent



threadsaredifficult to reasombout,andcritical sec-
tionsgreatlysimplify thebuilding of acorrectshared
object. While muchwork hasbeendoneto improve
theperformanceflocks[4, 13, 19, critical sections
arenot well suitedfor asynchronousystems.The
delayor failure of threadsholdinglockscanseverely
degradeperformanceand causeproblemssuch as
convoying, in which parallelismis not exploitedas
threadamovetogetherfrom lock to lock, priority in-
version, in which a high priority threadcannotmake
progresdecausé needsalock beingheldby alow
priority threadthat hasbeenpreemptedand dead-
lock, which occurswhenall activethreadsn thesys-
temarewaiting on locks[24]. In the extremecase,
the delay of a single threadholding a single lock
canpreventall otherthreaddrom makingprogress.
Source®fthesadelaysncludecachemissesremote
memory accessespagefaults and schedulingpre-
emptions.

Recently researcherdiave proposedconcurrent
objectswhich synchronizewithout the useof locks.
As theseobjectsare built without locks, they are
free from the aforementionecgroblems. In addi-
tion, lock-freeobjectscanoffer progresgjuarantees.
A lock-free objectis non-blocking if it guarantees
that somethreadcompletesan operationin a finite
numberof steps. A lock-free objectis wait-free if
it guaranteeshat eachthreadcompletesan opera-
tion in afinite numberof stepq14]. Intuitively, the
non-blockingpropertysaysthatadversariaschedul-
ing cannotpreventall of the threadsfrom making
progressThewait-freepropertyis strongerandsays
thatstarvationis notpossiberegardlessf thepoten-
tial interleavingsf operations.

Therehasbeena considerableamountof research
supportingthe practical use of lock-free synchro-
nization. Herlihy andMosshaveproposedarchitec-
tural changesvhich enableefficient lock-freecom-
puting [16]. Bershadhas describeda technique
which usesperatingsystenmsupporto simulateim-
portantsynchronizatiorinstructionswhen they are
unavailablan the architecturd6]. Numeroudock-
freeimplemenationsof specificdata-structurekave
beenproposedncludingWing andGong’s objectli-
brary[22, 23], Massalinslock freeobjects[18] and
AndersonandWoll’ s union-findobject[2]. In addi-
tion, a numberof softwareprotocolshavebeende-
velopedwhichgeneratdéock-freeconcurrenbbjects
givenatraditionalsequentialmplementatiorof the

object. Herlihy’s smallobjectprotocolandwait-free
protocol[15], Alemany and Feltens protocols[1],
andBarnes’cachingmethod5] fall in this category
Sincetheseprotocolsbuild concurrentobjectswith
noknowledgeof theobjectssemanticsywecall them
black-box synchronizatiomprotocols. Theseblack-
box protocolsareof practicalinterestsincetheycan
be appliedto anysequentiabbjectandcould be au-
tomatically appliedby a compiler Unfortunately
theseprotocolsdo not performaswell astraditional
lock-basedsynchronizatiorin practice. For there-
mainderof the paperwewill befocusingontheper
formancecharacteristic®f black-boxsynchroniza-
tion protocaols.

1.2 Organization

The remainderof the paperis organizedasfollows.
In section2 we discusghreeimportantarchitectural
characteristicand their effect on protocol perfor
mance. In orderto demonstrateheir importance,
we combinethesethree characteristicsnto a sim-
ple analyticalmodelwhich we describen section3.
In section4 we briefly describefive existing lock-
free protocolsandevaluateheir performancen our
model. In addition,we introduceanewsynchroniza-
tion protocolwhichoffersinsensitivty to threadpre-
emptionswithout sacrificingperformance. In sec-
tion 6, we validateour modelby comparingits re-
sultsto thoseproducedoy parallel-machineimula-
tions. In section7, we presenbur conclusions.

2 Performancelssues

A commoncriticism of lock-free synchronization
techniquesis that while they offer real-time and
fault-tolerantbenefitsover locks, thesebenefitsare
notrealizedwhentherearenothreaddelaysandthat,
in actualuse,theyperformpoorly. In generallock-
freeprotocolshavehigherlatencyandgeneratenore
memorycontentionthanlocks. In this section,we
describahreeimportantarchitecturatharacteristics
which affect the performanceof lock-free synchro-
nizationprotocols.

1. Remote memory accesses are more expensive than
local, cached memory accesses

With few exceptionsmodernmachineshavefast
local cachesand accessinghesecachesis one



to two ordersof magnitudefasterthanaccessing
main memory In addition,dependingon the co-
herencyprotocol,localreferencesonotputaload
on the communicationmedium usedto support
sharedmemory unlike remotereferences.Con-
sidering the trend of processorspeedincreasing
relativeto memoryspeed this factor will be in-
creasinglymportant.Giventhatcachingcanhave
suchalargeimpacton performanceywe would not
expecta PRAM-style analysisin which all mem-
ory accessebaveunit costto accuratelypredict
performance.

The idea of treatingremoteand local reference

differently is not a new one. Many models,in-

cludingSnydets CTA andmorerecentlythelogP
modelinclude this distinction [11, 20]. The no-

tion of reducingnon-localmemoryreferencedur-

ing synchronizatiorhasalsobeenpreviouslyin-

vestigated. Andersonand Mellor-Crummeyand
Scottconsiderocal versusremoteaccessewhen
explaining the contention causedby Test-and-
Test& Set locks andin the designof their queue-
basedspinlocks[4, 19].

. Synchronization instructions are more expensive
that normal memory references

Lock-free synchronizationprotocols make use
of synchronizationnstructionssuchas Test& Set,
Compare& Swvap and the combination of Load
Linked and Store Conditional. On currentma-
chinesthesesynchronizationinstructionincur a
cyclecostmuchhigherthanthatof anormalmem-
ory referene. For example,on a Dec 3000-
400 with a 130 Mhz Alpha 21064 CPU [12],
we observeda costof 140 cyclesfor the pair of
Load Linked and Sore Conditional instructions,
3.5timesmoreexpensiveahananormaluncached
read. This propertyis not exclusiveto this partic-
ular architecturesynchronizatiorinstructionsfor
manymodernprocessorgcursimilarcosty6, 7].
We do not distingush synchronizatiorfrom non-
synchronizationnstructionsbecausef aninher
ent differencein complexity but becauseof the
implemenationdifferenceghatoccurin practice.

This distinctionis alsoimportantwhenthe neces-
sary synchronizatiorinstructionsare unavailable
on an architectureand must be simulatedby the
operatingsystem[6]. In thesesituationsthe code
executedto simulatethe desiredinstruction can

takemuchlongerthana singlememoryoperation
andneeddo betakeninto account.Lastly, distin-

guishing synchronizationinstructionsfrom non-
synchronizationinstructionsis importanton dis-

tributed sharedmemory systemssuch as Munin

[10] or Midway [8] or sharedmemorymultipro-

cessorssuchas Dash[17] which supporta con-
sistencymodellooserthansequentiatonsistency
In thesesystemssynchronizatiorinstructionsin-

voke the coherencymechanisnwhich in turn re-

sultsin costlycommunication.

Again, we find thatanalyzingsynchronizatioral-
gorithmsin a PRAM-style model which assigns
all instructionaunit costcanintroduceunnecessary
inaccuracy

. Optimistic synchronization policies result in un-

successful thread updates which consume commu-
nication bandwidth and slow the progress of the
successful threads

In orderto benon-blocking,anumberof thelock-
free protocolsbehaveoptimistically, that is, all
threadsproceedas if they will succeed. Once
threadsrealize that their updatehasfailed, they
eitherbeginanotherattemptor they cooperaten
orderto help the successfuthread[5, 15. This
optimistic policy resultsin the wasteof machine
resourcesvhenthereis contentiorfor asharecb-
ject. Processocyclesarewastedthatcould possi-
bly be usedby anotherthread. More importantly,
communicatiorbandwidthis wastedvhichin turn
slows down the successfuthread. As more un-
successfuthreadscontendfor the communication
bandwidth,the progressof the systemasa whole
canbecrippled. Thisis whatAlemanyandFelten
refer to as“uselessparallelism”[1]. Herlihy at-
temptsto alleviatethis problemby usingexponen-
tial backof to reducethe numberof unsuccessful
updateg14].

Thedegradatiorcausedy anoptimistc policy is

importantandshouldbe quantifiedin a goodper
formancemodel.

The performancempact of thesecharacteristics

motivatesus to developan analyticalmodelwhich
takestheminto account.



3 Performance Modd

In this sectionwe presenta simple performance
modelthatreflectsthe memorycosts,synchroniza-
tion costsandwastedwvork costsdiscussedh section
2. It is intendedthatour modelbe simpleenoughto
evaluatealgorithmsquickly, yet still provide good
insightinto practicalperformance.This modelcan
be usedto explainthe performanceof existingpro-
tocols, determinehow changesn architecturewill
affectprotocolperformanceandserveasaguidefor
designerof newlock-freeprotocol.

3.1 Mode Variables

Our performancemodel measuregshe amount of

work doneby a particularprotocolin orderto com-
pleteasingleupdateto asharedbject.In ourmodel,
weassumehatthedatacachestartoutcoldandthat
all instructionfetcheshit in thecache .We dividein-

structiongnto threecategorieslocal cachednstruc-
tions suchasloadswhich hit in the cache,instruc-
tionsthataccessnemorysuchasloadswhichmissin

the cache,andsynchronizatiorinstructionssuchas
Compare& Swvap and Store Conditional. We assign
local cachednstructionscost0 in orderto bothkeep
the modelsimpleandto reflecttheir low cost. Non-
synchronizatiorinstructionswhich accessnemory
havenormalizedcostof 1. Lastly, in orderto reflect
their highercost,we assignsynchronizatiorinstruc-
tionscostC.

In ourmodel, N denotegshe numberof threadsn
the system. S representshe size, in words, of the
sequentiabbjects state. R and W denotethe num-
berof non-overlappingeadsandwritesrespectively
whicharemadeto theobjectin thecourseof anoper
ation. Sincewe only considemon-overlappingeads
andwrites, R + W is lessthanor equalto §, but
could be significantly smaller Enqueuingto a 20
word stack,for instancemighthave$ = 20, R = 1
andiv = 2.

3.2 Workloads

In ourmodel,we considetheperformancerotocols
in thepresencef threedifferentadversariesgachof
whichreflectsadifferentworkload. Thefirst caseve
consideris whenthereis no contentionanda single
threadappliesan operationto the concurrenpbiject.

Torrellaset al. foundthaton a4 CPUmultiproces-
sorrunningSystenV, threadsaccessinghesix most
frequentlyaccessedperatingsystendatastructures
found them unlockedfrom 85 to 99 percentof the
time[21]. While thissaysnothingaboutusercodeor
large multiprocessorst doessuggesthatwell writ-
tensystemaredesignedo minimizethecontention
onsharedbjects.In orderto measurehelatencyof
a protocolin this case we introducea weakadver
sarywhichwe call best thatallowsasinglethreadto
executeits operationto completionwithout block-
ing.

While we do not expecthigh contentionto bethe
commoncasejt is still importantto knowhowapro-
tocol's performancelegradesvhenan objectis ac-
cessedy multiple threadsconcurrently In orderto
modelhigh contentionweincludeabad scenaridn
whichall N threadsaretrying to applyanoperation
concurrentlyandthe adversariaschedulecanarbi-
trarily interleavetheir instructiors.

A numberof lock-free protocolsrely on the op-
eratingsystemto executecodeon a threads behalf
whenit block, eitheron1/O ordueto aschedulepre-
emption. For theseprotocols,thereis animportant
distinction betweenthe scheduletblocking a thread
andtheschedulesimplynotallowingathreado run.
In orderto measureheeffect thatanextremelypow-
erful adversarycanhaveon theseprotocols we also
includea worst scenario.ln our worst scenarioall
N threadsare active and the adversarialscheduler
canarbitrarily interleavetheir instructionsandcause
themto block. Onceathreadis blocked,the sched-
uler hasno obligationto wakethethreadup.

4 Applying the M odel

We now briefly describdfive existinglock-freepro-
tocols which we will evaluatein our model. The
earliesttechniquefor building concurrentobjectsis
Herlihy's small object protocol [14, 15]. Herlihy’s
smallobjectprotocolcanbe extendedo build wait-
freeobjectsby applyingatechniquecalledoperation
combining. We call the resultingprotocolHerlihy's
wait free protocol. Both of Herlihy’s protocolshave
the drawbackof uselesgparallelismand high copy-
ing overhead. Alemany and Feltenproposedsolu-
tionsto both problemswhich rely on supportfrom
the operatingsystem[1]. In orderto reduceuseless
parallelism AlemanyandFeltendeveloped proto-



M ethod Best Case Bad Case Worst Case
Herlihy’s smallobject S+C+3 N(S+C+3) N(S+C+3)
Herlihy’swait-free S+2N+C+3 N(S+2N+C+3) N(S+2N+C+3)
Barnes’Caching R(4C + 3)+ N(R(4C +3)+ N(R(4C + 3)+
Method W(6C +4)—C—1 | W(OC+4)—C—1) | W(BC+4)—C—1)
AlemanyandFeltens S+3C+4 NC+1)+S+20+3 N(S+4)+
soloprotocol C(2N + M%l)
A andF'ssolow/logging| R+2W +C +1 R+2W+ N(C+1) o0
Spin-lock R+W4+C+1 R+W4+ N(C+1) 00

Tablel: Totalamountof work doneto completea singleoperation.

col which explicitly limitsthenumberof concurrent
threadgo asmallnumberk’. Whenk = 1, theycall

this their solo protocol. In orderto reducecopying
overhead,Alemany and Felten addedlogging and
rollbackto their soloprotocol,andtheycall thistheir

solo protocol with logging. Thefinal lock-freepro-

tocol we will evaluateis Barnes caching method.

Of all of the black-boxlock-free techniquesonly

Barnes’cachingmethodproducesmplemenations
which allow thread€o makeprogressn parallel.

Tablel showsthetotalamountof work donefor a
singleupdateoperationby the black-boxtechniques
evaluatedusing our model. We show expressions
for Herlihy’s small object and wait-free protocol,
Barnes’cachingmethod, AlemanyandFeltens solo
protocoland solo protocolwith logging. For com-
parison,we alsoincludeexpressiongor theamount
of work done by a test-and-Compare& Swvap spin-
lock. We now briefly describehe derivationof sev-
eralexpressionn Tablel.

Herlihy’s small objectprotocol getsits bestcase
performancéecaus¢hesharedpointermustfirst be
load-linked (atcost1)!, theobjectneedgo becopied
(atcost ), two readsaredoneto validatethe copy
(at cost2), andafterthelocal computationa store-
conditional of costC' is incurred. In theworstcase,
theschedulecanforceall N threadgto |oad-linked
the pointer copyandvalidatethe object,applytheir
operationandattemptthe store-conditional for ato-
tal costof N (S + C + 3) persuccessfubperation.

Herlihy’s wait-freeprotocoldiffersfrom thesmall
objectprotocolin that, for all scenariosthe threads

1We treatload-linked asa normalmemoryoperationin our
calculations.

incur overheadlueto the copyingof theresulttable
andthe scanningof theannouncemertable[l5).

In Barnes’and Alemanyand Feltens work, only
pseudocodef the protocolsare provided. In these
caseswe consideran efficient implemenation with
straightforwardoptimizatians.

In the best scenario,Alemany and Feltens solo
protocolis worsethanHerlihy’s smallobjectproto-
colbecausé incursadditionalwork (C'+1) tocheck
andincrementhecounterandwork C' to decrement
it. In the worst case,the schedulercan causethe
threadcounterto be a point of contentiorby repeat-
edly allowing a newthreadin, blockingit andforc-
ing all the waiting threadsto attemptto increment
the counter This resultsin an additionalCM?l
work.

In Barnesprotocol,threaddirst performtheir op-
erationson a local cachedcopy at cost(R + W).
In orderto cooperatesafely Barnes’protocoleffec-
tively createsa programwhich thethreadsinterpret
together Theprogramis first installedatacostof C'.
Theprogramis theninterpretedatacostof (4C' + 2)
peroperatiorreadand(6C + 3) peroperationwrite.
An optimization can be madefor the first read or
write resultingin areductionof (2C'+1). Thistotals
R(4C+3)+W(6C+4)—C—1. Intheworst andbad
scenariosall N threadscanbe madeto performall
R(4C +3)+W(6C +4)—C—1work. Therestof the
expressionsverederivedusingsimilar reasoning.

4.1 The solo-cooper ative protocol

Choosing among the existing synchronization
protocolsinvolves a tradeof betweentheoretical



Concurrent_Apply(op_name, op_args) {

repeat {
repeat {
old_op_ptr := op_ptr;

}until (old_op_ptr <> 0);

}until (Compare& Swap(op_ptr, old_op_ptr, 0) = Success);

if (old_op_ptr <> 1) {

Complete_Partial_Operation(old_op_ptr);

}

ret_val := Sequential_Apply(op_name, op_args);

op_ptr :=1;
return(ret_val);

}

Figurel: Pseudocodér mainbody of the solo-cooperativ@rotocol

progressguaranteesind practicalperformance. At
oneextreme Herlihy’s wait-freeprotocol offersthe
strongesprogresgyuaranteeandincurssubstantial
overheadin doing so. Herlihy’s small object pro-
tocol gives up the wait-free property for the non-
blocking propertyand a decreaseén latency Simi-
larly, Barnes’cachingmethodgivesup thewait-free
propertyin exchangefor non-blockingand paral-
lelism which couldincreaseperformance Alemany
andFeltens soloprotocolperformsbetterundercon-
tentionbut is not robustto processofailure. Their
soloprotocolwith loggingoffersevenlower latency
but givesup non-blockingandis simply tolerantof
commornthreaddelays.Lastly, therearefinely tuned
lockswhich offer goodperformancéutnotolerance
of delays.

Given our performanceconcerns,we are inter-
estedn protocolswhich offer thesameperformance
aslocksandoffer toleranceo somedelays.Because
mostexistingprotocolshaveevolvedfrom themore
theoreticalprotocols,it is not surprisingto find that
sucha protocol doesnot currently exist. We now
describea protocolthat offers good performancen
practiceandis insensitiveto preemptiondelays. In
orderto achievehis,we combinetheideaof Barnes-
stylethreadcooperatiowith thesingleactivethread
usedin AlemanyandFeltens soloprotocol.

The main problemwith threadcooperatioris that
inefficiencies are introduced when protecting the
threadsrom eachother By havingonly onethread
active at a time, howevey cooperatiorcan be used

with no overheadn the commoncaseof an oper
ation that doesnot block. In our solo-cooperative
protocol,a singlethreadat a time is allowedto up-
datethesharedbiject,similartolocking. Thissingle
threadupdateghe objectwithout makinga copyand
withoutloggingthechangedeingmade.In orderto
provideinsensitiviy to delayswe includea mecha-
nismwhich allowswaiting threadgo helpfinishthe
work of a blockedthread. If athreadblocksduring
anoperation,its stateis storedin the objectandits
ownershipof theobjectisreleasedA newthreadcan
thenusethe storedstateto finish the partially com-
pletedoperatiorandbeginto applyits own changes.
Andersornusesatechniquesimilarto thisin the pro-
tection of his userlevel schedulerin his scheduler
activationswork [3].

Like AlemanyandFeltens protocols,we rely on
supportfrom the operatingsystemto executecode
on behalfof a threadwhenit blocksandunblocks.
This supportrequireschangego the operatingsys-
temor theuseof asystenlike Andersons scheduler
activations.

In our solo-cooperativ@rotocol,theobjectis pro-
tectedby a variablecalledop_ptr which hasis func-
tionally similar to a lock. If op_ptr is 0, the object
is “locked”; if op_ptr is 1 the objectis free; and
for all othervalues,the objectis free, but thereis a
partially finishedoperationto befinishedandop_ptr
pointsits description.To updatethe sharedbject,a
threadfirst readsop_ptr and Compare& Swvaps 0 for
a non-zerovalue,guaranteeingxclusiveaccess.If



Method Best Case Bad Case Worst Case
Solo-cooperative R+ W +C+1 | R+ W+ N(C+1) 00
Spin-lock R+W+C+1 | R+ W+ N(C+1) 00

Table2: Totalamountof work doneto completea singleoperation.

thethreadseesthatthe old valueof op_ptr is 1, the

threadappliesits operation setsop_ptr backto 1 and
returns.If theold valueof op_ptr is not 1, thethread
completeghepartially finishedoperatiorandsubse-
guently appliesits own operation. Pseudocodéor

thebody of the protocolappearsn Figurel.

Whenathreadblocksduringanoperationthesys-
temexecutesodeon thethreads behalfwhich bun-
dles up the operationsstate(storedin the threads
stackand registers)and storesa pointer to this in
op_ptr. This hasthe effect of releasingop_ptr mak-
ing additionalupdatego the sharedobjectpossible
eventhoughthe executingthreadhasblocked.

Whenathreadthatblockedduringanoperationis
unblocking,it checksits control structureto seeif
its operationhasalreadybeencompletecby another
thread.If thewakingthreads operatiorhasnotbeen
completedit will re-acquireop_ptr andwill finishits
operation.If thewakingthreads operatiorhasbeen
completed,it will readthe operations resultfrom
its controlstructureandwill continueexecutiorafter
theoperation.

In the casethat a newthreadacquiresop_ptr and
findsapartially completeoperationjt cooperateby
loadingthe blockedthreads registersandcontinues
the executionof the partial operation. On comple-
tion of the blockedthreads operation the cooperat-
ing threadwritestheoperationsresultin theblocked
threads controlstructureandreturngo applyits own
operation.

This solo-cooperativeprotocol has the problem
thatif athreadblockson1/O, suchasa pagefault, all
of thethreadsn thesystemhatattemptto cooperate
will alsoblock on this fault. While this may seem
like a majorflaw, it may havelittl e impactin prac-
tice. In generalwe expectcontentionfor an object
to be low andthattherewill be no waiting threads.
In the casethat therearewaiting threadsthereis a
goodchancehatthe waiting threadswill alsoneed
datathatis onthefaulting page.While it is possible
thatadditionalprogressould be madewhich would

go unexploitedby this protocol,we expectthatthis
would not happersuficiently oftento beaproblem.
An evaluationof our protocol in our model is
shownin Table2. Forcomparisortheexpressiorior
thespin-lockis repeatedrom Tablel. Notethatour
solo-cooperativerotocolexecutesio morememory
operationsor synchronizatiorinstructionsthan the
spin-lockwhenthreadsdo not block.

4.2 Evaluation

From Table 1, we seethat Herlihy’'s protocolsand
AlemanyandFeltens solo protocolincur overhead
S dueto their needto copy the entire object. The
overheadendergheseprotocolsimpracticalfor ob-
jectswith alarge amountof state,suchasa thread
stack. However for objectswith a smallamountof
state,suchasa sharedcounter theseprotocolscan
be competitivein practice.

In the table, we also seethat Barnes caching
methodrelies heavily on synchronizationinstruc-
tions. Barnesclaimsthatalthoughalargeamountof
overheads incurredperoperationinstruction,criti-
calsectionsaredesignedo beshortandsimple. This
techniquecould conceivablyperform betterthan a
copyingprotocolif theobjectswverelargeandtheop-
erationsconsistedf only afew instructions.

In the high-contentio bad case we seethatlarge
amountof memorycontentioncanbe generatedby
Barnes’andHerlihy’s protocols. In orderto make
theseprotocolsviablein thepresencef alargenum-
ber of active threads,they needa concurrencyre-
striction mechanismlike exponentialbackof. In
the scenariosn which threadsdo not block, we see
that Alemany and Feltens solo protocol, our solo-
cooperativeprotocol and the spin-lock provide the
combinationof low latencyandlow contention.In-
terestingly thesearethe samethreeprotocolswhich
are neithernon-blockingnor wait-free. As canbe
seenn theworst casethestrongadversarcankeep
all threeof theseprotocolsfrom makingprogress.



In the caseof the spin-lock,the schedulessimply
neetlgo allow a threadto acquirethelock andthen
blocksthethread.If the scheduleneverwakesthis
threadup, no otherthreadscan make progressand
the protocolis deadlocked While this caneasilybe
causedyy an adversariaschedulerit canalsohap-
penin a multiprocessodueto processor processor
failure.

While immuneto deadlock AlemanyandFeltens
solo protocolwith logging canbe madeto livelock
by the adversarialscheduler In the solo protocol
with logging, when a threadblocks, its partial op-
erationis first undoneby the operatingsystemusing
the log, the threadis thenremovedfrom the criti-
cal sectionandanothetthreadis allowedto beginits
operation. By repeatedlyallowing threadsto make
progressandthenblockingthembeforecompletion
the schedulercan causethe protocolto processn-
definitely without completingan operation. Thus,
while retainingmanyof the benefitsof thelock-free
protocols,AlemanyandFeltens solo protocolwith
loggingis neitherwait-free nor non-blocking. This
livelock behavioris not exclusiveto an adversarial
schedulerlf athreads operationis too long to exe-
cutein asingleschedulingguantum the threadwill
alwaysblock in the operation,and this can cause
livelock.

Our solo-cooperativgrotocol canalsobe forced
to livelock by the strongadversary Thusour proto-
colis alsoneitherwait-freenornon-blocking.Recall
thatin our protocol, the stateof a blockedthreads
partially completecbperations storedunderop_ptr.
Uponencountering partially completeoperationa
threadwill try to loadthe stateof this operationand
finishit. To forcelivelock, theschedulefirst allows
athreadto partially completean operationandthen
forcesit to block. The schedulercan thenrepeat-
edly allow anewthreadto beginloadingthe stateof
the partially completedoperation,andthenblock it
beforeit makesany progresson the operation thus
causindivelock. Thisbehaviorseemdimited, how-
ever to our strongadversarjandwe havenoreason
to expectthisto occurin practice.

5 Validation

Our performancemodelwas designedo makethe
evaluationof protocol performancesasyandfairly
accurate. In orderto verify its accuracy we now

comparethe results producedby our model with

resultsproducedby a parallel machinesimulata.

In our simulationswe compareHerlihy’s small ob-
ject protocol and wait-free protocol, Alemany and
Feltens solo protocol and solo protocol with log-

ging, our solo-cooperativeprotocol, and for com-
parison,a test-and-Compare& Swap spin-lock. Al-

though queue-basedpin locks have some perfor

manceadvantagesver spin-locks,we chosea test-

and-Compare& Swvap spin-lock becauseof its sim-
plicity andlow latency We did notsimulateBarnes’
cachingprotocolduetoits implementatbncomplex-
ity. In orderto obtaininformation aboutexecution
performancewe ranthe protocolsin Proteusa par

allel machinesimulatordevelopedat MIT [9]. Pro-
teusis an executiondriven simulator which takes
asinput augmentedC programsand outputsresults
from a parallelrun of the program.

In our simulations Proteuswas configuredto
modelabus-basedultiprocessorunningthe Good-
man cache-coherencgrotocol. In orderto reflect
relativeinstructioncostsin oursimulations,memory
instructionswerechoseno be 6 timesasexpensive
aslocal cachednstructiors andsynchronizationn-
structionswverel2timesasexpensivéC = 2). Dur-
ing oursimulaion, eachthreadranonits ownproces-
sorandthreaddelaysdid notoccur thusthe special-
casecodefor the protocolsusing operatingsystem
supportwas neverexecuted. Our simulationscon-
sistedof a numberof threadsyaryingfrom 1 to 20,
alternatelyupdatinga sharedobjectandperforming
200instructionsworth of local work. We simulated
the protocolsusing both a sharedcounteranda cir-
cularqueueasthesharedbject.

In our model and our simulationswe do not in-
clude exponentialbackof in any of the protocols.
Exponentiabackof reducesesourcecontentiorby
reducingconcurrencybut doesnot changethe re-
lationshipbetweenconcurrencyandcontentionin a
given protocol. Given that we are focusingon the
interactionbetweenconcurrencyand resourcecon-
tention,therewasno additionalinsightto be gained
by includingexponentiabackof.

In our first setof simulatinns, threadsalternately
updatea sharedcounterandperformlocal work un-
til a total of 4096 updateshave beendone. Fig-
ure 2 showsthe numberof simulatedcyclesper up-
date, varying the numberof threadsfrom 1 to 20.
The graphshowsthatinitially, asthe parallelismin
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the systemis exploited, additional processorsm-
prove performance. As the numberof processors
furtherincreaseshowevey performancelegradess
memorycontentionncreasesiueto synchronization
overhead.

For our sharedcounter the model variablesare
S =1,R = 0,andW = 1. Recallthatour model
predictstheamountof work thata protocolcangen-
eratefor asinglesuccessfulipdate.ln orderto com-
pareour modelto the simulation results we needto
convertthis work quantityto atime quantity In ad-
dition we needto factorin thelocal work performed
by thethreads Forourbus-basedhachineywe make
the simpleassumptin thatthe protocoloverheads
forcedto serializeandthatthe local work canpro-
ceedn parallel. Lettheamountof work predictedoy

ourbadcaseadversaryn Tablel beWW (N). Givena
total of M updatesandlocal work I perupdate we
expectM W(N) + M L totalwork. Dividing proto-
col overheady M andlocalwork by M N yieldsa
predictedWW (N ) + % time perupdate.A graphof
this expressiorfor the simulatedprotocolsis given
in Figure3.

In our secondset of simulations threadsalter
nately enqueueor dequeugrom a 64 entry circu-
lar queueand performlocal work. As before,the
threadsperforma total of 4096 updatesperrun and
we vary the numberof threadsrom 1 to 20. Figure
4 showsthe resultsfor the simulations. Our circu-
lar queuehasmodelvariablesS = 66 andR = 1,
W = 3 for enqueueand R = 2, W = 2 for de-
gueue.Sinceroughlythe samenumberof enqueues



anddequeuesccur we modelthe structureashav-
ing S = 66, R = 1.5 andW = 2.5. We againmake
theassumptiorthatlocal work is performedin par
allel andthat protocoloverheadserializes.Figure5
showstheresultspredictedoy our model.

Despitethe simplicity of our model, the predic-
tionsarefairly accurate With the exceptionof Her
lihy’ swait-freeprotocol,theorderingof relativeper
formanceis thesamein bothcaseslin boththesim-
ulationsand our modelthe spin-lockand our solo-
cooperativgprotocolperformedwell, providinglow
latencyand degradingreasonablyunderhigh load.
Thepredictedperformancéor thesoloprotocolwith
logging differs from the simulationresultsfor the
sharedcountey but remainordinally correctandthe
shapeof the curvesare similar. Both the simula-
tionsandthe modelpredictionsshowthatHerlihy’'s
smallobjectprotocolwithout backof generatesig-
nificant contentionandthat the single activethread
in Alemany andFeltens solo protocoldoesreduce
this contention.

The performanceof Herlihy’s wait-free protocol
is seriouslymispredictedoy our model. While our
model predictsthe protocolto perform poorly, the
simulatorshowsthat it scaleswell asconcurrency
increasesThis inaccuracystemsfrom the basicas-
sumptionour modelmakesthatfor eachupdateno
threadsare initially accessinghe object at which
point all N threadsarrive to perform an update.
While this assumptin workswell for the otherpro-
tocols, it inaccuratelymodelsthe behaviorof the
wait-free protocol. In Herlihy's wait-free protocol,
threadsregistertheir intendedoperationsn the ob-
ject before beginning their update. In this way,
given the protocol’s cooperationpolicy, evenif a
thread$ updateattemptsareunsuccessfuits opera-
tion mustcompletewithin 2 successfulipdateg15].
Underhigh contention Herlihy’s wait-free protocol
amortizeghe costof the objectcopy andtablescan
overanumberof successfulpdatesresultingin its
goodscaling.This amortizationis nottakeninto ac-
countby our bad casescenariowhich assumeshat
N — 1 of the N threaddail everyupdate.Thisover
sightcouldberemediedy introducinganadversary
which forcesthe maximumwork per updateunder
a steady-statdiigh contentionscenarioin which a
numberof threadscontinuallyoccupieghe object.

With this exception,our modelaccuratelyreveals
theimportantperformanceharacteristicsf thepro-

tocolswe examined. The modelshouldserveasa
usefultool for thosedesigningand analyzinglock-
freesynchronizatioralgorithms.

6 Conclusions

Thereareanumberof lock-freesynchronizatiomro-
tocols which offer guaranteesabout progressand
which eliminate the problemstraditionally associ-
atedwith locks. Theseprotocolscanbe appliedto
any sequentiabbjectandcould be appliedby com-
pilers. Unfortunately thesebenefitscancomeat the
costof decreasegherformance We havequantified
the performanceof theseprotocolsby building and
validatingamodelin whichto evaluatehem.While
ourmodelis fairly simple,it reflectsthreeimportant
architecturatharacteristicskirst, thatremotemem-
ory accesseare moreexpensivehanlocal, cached
memoryaccessessecond that synchronizatiorin-
structionscanbe moreexpensivehatnormalmem-
ory referencs; and third, that optimistic synchro-
nization policies resultin unsuccessfuthreadup-
datesvhichconsume&ommunicatiomandwidthand
slow the progressof the successfuthreads. Using
ourmodel,we evaluatedive lock-freeprotocolsand
illustratedimportantperformancecharacteristic®f
each. Noneof theseprotocolsprovide delayinsen-
sitivity while retainingthe low latency of locking.
Accordingly, we presentea lock-free protocolthat
combinesAlemany and Feltens single threadwith
Barnes-styleooperatiorto providelow latencyand
insensitivty to preemptiordelays.

Of the protocolsevaluatedthoseusingoperating
systemsupporthavethe most promisein practice.
AlemanyandFeltens soloprotocolwith loggingand
our solo-cooperativg@rotocoloffer the combination
of low latencyin the commoncaseand low mem-
ory contentionin the high load case. This perfor
mancecomeswith the disadvantag¢hat neitherof
theseprotocolsarenon-blockingor wait-free. These
protocolsdo, howevey retainmanyof the lock-free
benefits,andin the absencef failures, shouldper
form well.
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