
A Performance Evaluation of Lock-Free
Synchronization Protocols

Anthony LaMarca
�

Departmentof ComputerScienceandEngineering
Universityof Washington

Seattle,WA 98195

Abstract

In this paper, we investigatethe practical perfor-
manceof lock-freetechniquesthatprovidesynchro-
nization on shared-memorymultiprocessors. Our
goal is to providea techniqueto allow designersof
new protocolsto quickly determinean algorithm’s
performancecharacteristics.We developa simple
analyticalperformancemodelbasedonthearchitec-
tural observationsthat memoryaccessesareexpen-
sive, synchronization instructions are more expen-
sive,andthatoptimistic synchronizationpoliciesre-
sult in wastedcommunicationbandwidthwhich can
slow the systemasa whole. Using our model,we
evaluatethe performanceof five existing lock-free
synchronization protocols.We validateour analysis
by comparingour resultswith simulationsof a par-
allel machine.Giventhisanalysis,we identify those
protocolswhich showpromiseof goodperformance
in practice.In addition,wenotethatnoexistingpro-
tocolsprovideinsensitivity to commondelayswhile
still offering performanceequivalentto locks. Ac-
cordingly, we introducea protocol,basedon a com-
bination of existinglock-freetechniques,which sat-
isfiesthesecriteria.

1 Introduction

An important and relatively new classof concur-
rent objects are thosewhich synchronizewithout
locks. The largestbarrier preventingthe adoption
�
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lock-free synchronizationprotocolsis their perfor-
mancein practice. In the commoncase,lock-free
protocolshavehigherlatencyandcangeneratemore
contentionthantraditional locks. While therehave
beenefforts to build more efficient protocolsand
to optimize existing ones, little has beendone to
describetheir performancein general. In this pa-
per, we presenta modelwith which we investigate
thepracticalperformanceof severalpreviouslypub-
lishedlock-freesynchronizationprotocols.Ourper-
formancemodel reflects three important architec-
tural characteristics.First, that remotememoryac-
cessesaremoreexpensivethanlocal, cachedmem-
ory accesses.Second,thatsynchronizationinstruc-
tions can be more expensivethat normal memory
references. Third, that optimistic synchronization
policiesresultin unsuccessfulthreadupdateswhich
consumecommunicationbandwidthand slow the
progressof thesuccessfulthreads.

Given our analysis,we notethat no existingpro-
tocolsprovideinsensitivity to commondelayswhile
still offering performanceequivalentto locks. Ac-
cordingly, we introducea protocol,basedona com-
binationof existinglock-freetechniques,whichpro-
videslow latencyandinsensitivity to preemptionde-
lays.

1.1 Background

Threadsrunningonshared-memorymultiprocessors
coordinatewith eachothervia shareddatastructures
called concurrent objects. In order to preventthe
corruptionof theseconcurrentobjects,threadsneed
a mechanismfor synchronizingtheir access.Typ-
ically, this synchronizationis providedwith locks
protectingcritical sections,ensuringthatatmostone
threadcan accessan object at a time. Concurrent



threadsaredifficult to reasonabout,andcritical sec-
tionsgreatlysimplify thebuildingof acorrectshared
object.While muchwork hasbeendoneto improve
theperformanceof locks[4, 13, 19], critical sections
arenot well suitedfor asynchronoussystems.The
delayor failureof threadsholdinglockscanseverely
degradeperformanceand causeproblemssuch as
convoying, in which parallelismis not exploitedas
threadsmovetogetherfrom lock to lock, priority in-
version, in whichahighpriority threadcannotmake
progressbecauseit needsa lock beingheldby a low
priority threadthat hasbeenpreempted,anddead-
lock, whichoccurswhenall activethreadsin thesys-
temarewaiting on locks [24]. In theextremecase,
the delay of a single threadholding a single lock
canpreventall otherthreadsfrom makingprogress.
Sourcesof thesedelaysincludecachemisses,remote
memoryaccesses,pagefaults and schedulingpre-
emptions.

Recently, researchershave proposedconcurrent
objectswhich synchronizewithout theuseof locks.
As theseobjectsare built without locks, they are
free from the aforementionedproblems. In addi-
tion, lock-freeobjectscanoffer progressguarantees.
A lock-free object is non-blocking if it guarantees
that somethreadcompletesan operationin a finite
numberof steps. A lock-freeobject is wait-free if
it guaranteesthat eachthreadcompletesan opera-
tion in a finite numberof steps[14]. Intuitively, the
non-blockingpropertysaysthatadversarialschedul-
ing cannotpreventall of the threadsfrom making
progress.Thewait-freepropertyisstrongerandsays
thatstarvationisnotpossibleregardlessof thepoten-
tial interleavingsof operations.

Therehasbeena considerableamountof research
supportingthe practical use of lock-free synchro-
nization.Herlihy andMosshaveproposedarchitec-
tural changeswhich enableefficient lock-freecom-
puting [16]. Bershadhas describeda technique
whichusesoperatingsystemsupportto simulateim-
portantsynchronizationinstructionswhen they are
unavailablein thearchitecture[6]. Numerouslock-
freeimplementationsof specificdata-structureshave
beenproposedincludingWing andGong’sobjectli-
brary[22, 23], Massalin’s lock freeobjects[18] and
AndersonandWoll’s union-findobject[2]. In addi-
tion, a numberof softwareprotocolshavebeende-
velopedwhichgeneratelock-freeconcurrentobjects
givena traditionalsequentialimplementationof the

object.Herlihy’ssmallobjectprotocolandwait-free
protocol [15], Alemany andFelten’s protocols[1],
andBarnes’cachingmethod[5] fall in thiscategory.
Sincetheseprotocolsbuild concurrentobjectswith
noknowledgeof theobject’ssemantics,wecall them
black-box synchronizationprotocols. Theseblack-
box protocolsareof practicalinterestsincetheycan
beappliedto anysequentialobjectandcouldbeau-
tomatically appliedby a compiler. Unfortunately,
theseprotocolsdo not performaswell astraditional
lock-basedsynchronizationin practice. For the re-
mainderof thepaper, wewill befocusingontheper-
formancecharacteristicsof black-boxsynchroniza-
tion protocols.

1.2 Organization

Theremainderof thepaperis organizedasfollows.
In section2 wediscussthreeimportantarchitectural
characteristicsand their effect on protocol perfor-
mance. In order to demonstratetheir importance,
we combinethesethreecharacteristicsinto a sim-
pleanalyticalmodelwhichwedescribein section3.
In section4 we briefly describefive existing lock-
freeprotocolsandevaluatetheir performancein our
model.In addition,weintroduceanewsynchroniza-
tion protocolwhichoffersinsensitivity to threadpre-
emptionswithout sacrificingperformance. In sec-
tion 6, we validateour modelby comparingits re-
sultsto thoseproducedby parallel-machinesimula-
tions. In section7, we presentour conclusions.

2 Performance Issues

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

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

With few exceptions,modernmachineshavefast
local cachesand accessingthesecachesis one



to two ordersof magnitudefasterthanaccessing
mainmemory. In addition,dependingon the co-
herencyprotocol,localreferencesdonotputaload
on the communicationmedium usedto support
sharedmemory, unlike remotereferences.Con-
sideringthe trend of processorspeedincreasing
relative to memoryspeed,this factor will be in-
creasinglyimportant.Giventhatcachingcanhave
suchalargeimpactonperformance,wewouldnot
expecta PRAM-styleanalysisin which all mem-
ory accesseshaveunit cost to accuratelypredict
performance.

The idea of treatingremoteand local references
differently is not a new one. Many models,in-
cludingSnyder’s CTA andmorerecentlythelogP
model include this distinction [11, 20]. The no-
tionof reducingnon-localmemoryreferencesdur-
ing synchronizationhasalsobeenpreviouslyin-
vestigated. Andersonand Mellor-Crummeyand
Scottconsiderlocal versusremoteaccesseswhen
explaining the contention causedby Test-and-
Test&Set locks and in the designof their queue-
basedspinlocks[4, 19].

2. Synchronization instructions are more expensive
that normal memory references

Lock-free synchronizationprotocols make use
of synchronizationinstructionssuchasTest&Set,
Compare&Swap and the combination of Load
Linked and Store Conditional. On current ma-
chinesthesesynchronizationinstruction incur a
cyclecostmuchhigherthanthatof anormalmem-
ory reference. 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 Store Conditional instructions,
3.5timesmoreexpensivethananormaluncached
read.This propertyis not exclusiveto this partic-
ular architecture;synchronizationinstructionsfor
manymodernprocessorsincursimilarcosts[6, 7].
We do not distinguish synchronizationfrom non-
synchronizationinstructionsbecauseof an inher-
ent differencein complexity, but becauseof the
implementationdifferencesthatoccurin practice.

Thisdistinctionis alsoimportantwhentheneces-
sarysynchronizationinstructionsareunavailable
on an architectureandmustbe simulatedby the
operatingsystem[6]. In thesesituations,thecode
executedto simulatethe desiredinstructioncan

takemuchlongerthana singlememoryoperation
andneedsto betakeninto account.Lastly, distin-
guishing synchronizationinstructionsfrom non-
synchronizationinstructionsis importanton dis-
tributed sharedmemorysystemssuchas Munin
[10] or Midway [8] or sharedmemorymultipro-
cessorssuchas Dash[17] which supporta con-
sistencymodellooserthansequentialconsistency.
In thesesystems,synchronizationinstructionsin-
voke the coherencymechanismwhich in turn re-
sultsin costlycommunication.

Again, we find thatanalyzingsynchronizational-
gorithmsin a PRAM-style model which assigns
all instructionsunitcostcanintroduceunnecessary
inaccuracy.

3. 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 cooperatein
order to help the successfulthread[5, 15]. This
optimistic policy resultsin the wasteof machine
resourceswhenthereis contentionfor asharedob-
ject. Processorcyclesarewastedthatcouldpossi-
bly beusedby anotherthread.More importantly,
communicationbandwidthiswastedwhichin turn
slows down the successfulthread. As moreun-
successfulthreadscontendfor thecommunication
bandwidth,theprogressof thesystemasa whole
canbecrippled.This is whatAlemanyandFelten
refer to as “uselessparallelism” [1]. Herlihy at-
temptstoalleviatethisproblemby usingexponen-
tial backoff to reducethenumberof unsuccessful
updates[14].

Thedegradationcausedby anoptimistic policy is
importantandshouldbequantifiedin a goodper-
formancemodel.

The performanceimpact of thesecharacteristics
motivatesus to developan analyticalmodelwhich
takestheminto account.



3 Performance Model

In this section we presenta simple performance
model that reflectsthe memorycosts,synchroniza-
tion costsandwastedworkcostsdiscussedin section
2. It is intendedthatour modelbesimpleenoughto
evaluatealgorithmsquickly, yet still provide good
insight into practicalperformance.This modelcan
beusedto explainthe performanceof existingpro-
tocols,determinehow changesin architecturewill
affectprotocolperformance,andserveasaguidefor
designersof newlock-freeprotocol.

3.1 Model Variables

Our performancemodel measuresthe amount of
work doneby a particularprotocolin orderto com-
pleteasingleupdatetoasharedobject.In ourmodel,
weassumethatthedatacachesstartoutcoldandthat
all instructionfetcheshit in thecache.Wedivide in-
structionsinto threecategories:localcachedinstruc-
tions suchasloadswhich hit in the cache,instruc-
tionsthataccessmemorysuchasloadswhichmissin
the cache,andsynchronizationinstructionssuchas
Compare&Swap andStore Conditional. We assign
localcachedinstructionscost

�
in orderto bothkeep

themodelsimpleandto reflecttheir low cost.Non-
synchronizationinstructionswhich accessmemory
havenormalizedcostof � . Lastly, in orderto reflect
their highercost,weassignsynchronizationinstruc-
tionscost � .

In ourmodel, � denotesthenumberof threadsin
the system. � representsthe size, in words,of the
sequentialobject’s state. � and � denotethenum-
berof non-overlappingreadsandwritesrespectively
whicharemadeto theobjectin thecourseof anoper-
ation.Sinceweonlyconsidernon-overlappingreads
andwrites, �
	�� is lessthanor equalto � , but
could be significantly smaller. Enqueuingto a 20
wordstack,for instance,might have �
��� � , �����
and � ��� .

3.2 Workloads

In ourmodel,weconsidertheperformanceprotocols
in thepresenceof threedifferentadversaries,eachof
whichreflectsadifferentworkload.Thefirst casewe
consideris whenthereis no contentionanda single
threadappliesanoperationto theconcurrentobject.

Torrellaset al. found thaton a 4 CPUmultiproces-
sorrunningSystemV, threadsaccessingthesix most
frequentlyaccessedoperatingsystemdatastructures
found themunlockedfrom 85 to 99 percentof the
time[21]. While thissaysnothingaboutusercodeor
largemultiprocessors,it doessuggestthatwell writ-
tensystemsaredesignedto minimizethecontention
onsharedobjects.In orderto measurethelatencyof
a protocolin this case,we introducea weakadver-
sarywhichwecall best thatallowsasinglethreadto
executeits operationto completionwithout block-
ing.

While we do not expecthigh contentionto bethe
commoncase,it is still importantto knowhowapro-
tocol’s performancedegradeswhenanobjectis ac-
cessesby multiple threadsconcurrently. In orderto
modelhighcontention,we includeabad scenarioin
whichall � threadsaretrying to applyanoperation
concurrentlyandtheadversarialschedulercanarbi-
trarily interleavetheir instructions.

A numberof lock-freeprotocolsrely on the op-
eratingsystemto executecodeon a thread’s behalf
whenit block,eitheronI/O orduetoaschedulerpre-
emption. For theseprotocols,thereis an important
distinction betweentheschedulerblockinga thread
andtheschedulersimplynotallowingathreadto run.
In ordertomeasuretheeffect thatanextremelypow-
erful adversarycanhaveon theseprotocols,wealso
includea worst scenario.In our worst scenario,all
� threadsare activeand the adversarialscheduler
canarbitrarily interleavetheir instructionsandcause
themto block. Oncea threadis blocked,thesched-
ulerhasnoobligationto wakethethreadup.

4 Applying the Model

We now briefly describefive existinglock-freepro-
tocols which we will evaluatein our model. The
earliesttechniquefor building concurrentobjectsis
Herlihy’s small object protocol [14, 15]. Herlihy’s
smallobjectprotocolcanbeextendedto build wait-
freeobjectsbyapplyingatechniquecalledoperation
combining. We call theresultingprotocolHerlihy’s
wait free protocol. Bothof Herlihy’sprotocolshave
the drawbackof uselessparallelismandhigh copy-
ing overhead.Alemany andFeltenproposedsolu-
tions to both problemswhich rely on supportfrom
theoperatingsystem[1]. In orderto reduceuseless
parallelism,AlemanyandFeltendevelopeda proto-



Method Best Case Bad Case Worst Case
Herlihy’ssmallobject ��������� ��������������� ������� ���!�"�

Herlihy’swait-free ����#��$������� �����%� #��$��������� ��������#"��� �������
Barnes’Caching &'�)(*�!� ���+� �,��&'�)(*�!� ���+� ����&'�-(.�����"�/�

Method 01��2"�!�3(.�54��64!7 01��2"�!�3(.�54��64!78� 01��2���� (*�54,�64
79�
AlemanyandFelten’s ��������� ( �������:79�;� ���!#"����� �,����� (.�/�

soloprotocol �<��#��$�>=@?A=CB5D/EF �
A andF’ssolow/ logging &���#*0G�����67 &�� #*0G���������
78� H

Spin-lock &��60G�!���67 &��60G������� �I78� H

Table1: Total amountof work doneto completeasingleoperation.

col whichexplicitly limit s thenumberof concurrent
threadstoasmallnumberJ . When JK�L� , theycall
this their solo protocol. In orderto reducecopying
overhead,Alemany and Feltenaddedlogging and
rollbackto theirsoloprotocol,andtheycall thistheir
solo protocol with logging. Thefinal lock-freepro-
tocol we will evaluateis Barnes’ caching method.
Of all of the black-box lock-free techniques,only
Barnes’cachingmethodproducesimplementations
whichallow threadsto makeprogressin parallel.

Table1 showsthetotalamountof work donefor a
singleupdateoperationby theblack-boxtechniques
evaluatedusing our model. We show expressions
for Herlihy’s small object and wait-free protocol,
Barnes’cachingmethod,AlemanyandFelten’ssolo
protocolandsolo protocolwith logging. For com-
parison,we alsoincludeexpressionsfor theamount
of work doneby a test-and-Compare&Swap spin-
lock. We nowbriefly describethederivationof sev-
eralexpressionsin Table1.

Herlihy’s small objectprotocolgetsits bestcase
performancebecausethesharedpointermustfirst be
load-linked (atcost � ) M , theobjectneedstobecopied
(at cost � ), two readsaredoneto validatethecopy
(at cost � ), andafter the local computation,a store-
conditional of cost � is incurred.In theworstcase,
theschedulercanforceall � threadsto load-linked
thepointer, copyandvalidatetheobject,applytheir
operationandattemptthestore-conditional for a to-
tal costof �6NO��	P�Q	IRTS persuccessfuloperation.

Herlihy’swait-freeprotocoldiffersfrom thesmall
objectprotocolin that, for all scenarios,the threads
U
We treat load-linked asa normalmemoryoperationin our

calculations.

incuroverheaddueto thecopyingof theresulttable
andthescanningof theannouncementtable[15].

In Barnes’andAlemanyandFelten’s work, only
pseudocodeof the protocolsareprovided. In these
cases,we consideranefficient implementationwith
straightforwardoptimizations.

In the best scenario,Alemany and Felten’s solo
protocolis worsethanHerlihy’s smallobjectproto-
colbecauseit incursadditionalwork NV�W	��*S tocheck
andincrementthecounterandwork � to decrement
it. In the worst case,the schedulercan causethe
threadcounterto bea pointof contentionby repeat-
edly allowing a newthreadin, blockingit andforc-
ing all the waiting threadsto attemptto increment
the counter. This resultsin anadditional ��XZYAX\[ MO]^
work.

In Barnesprotocol,threadsfirst performtheir op-
erationson a local cachedcopy at cost N_�`	`�`S .
In orderto cooperatesafely, Barnes’protocoleffec-
tively createsa programwhich thethreadsinterpret
together. Theprogramis first installedatacostof � .
Theprogramis theninterpretedatacostof N/ab�c	,�TS
peroperationreadand NVde�
	�RTS peroperationwrite.
An optimization can be madefor the first reador
write resultingin areductionof NV�f� 	g�*S . Thistotals
�hN/ab��	iRTS8	<�jNVdf��	\a;SlkZ��km� . In theworst andbad
scenarios,all � threadscanbemadeto performall
�hN/ab�n	mRTSl	m�`NVd*�n	ia;S�ki��k�� work. Therestof the
expressionswerederivedusingsimilar reasoning.

4.1 The solo-cooperative protocol

Choosing among the existing synchronization
protocols involves a tradeoff betweentheoretical



Concurrent Apply(op name, op args) o
repeat o

repeat o
old op ptr := op ptr;p

until (old op ptr qsrct );p
until (Compare&Swap(op ptr, old op ptr, t ) = Success);

if (old op ptr qur17 ) o
Complete Partial Operation(old op ptr);p

ret val := Sequential Apply(op name, op args);
op ptr := 7 ;
return(ret val);p

Figure1: Pseudocodefor mainbodyof thesolo-cooperativeprotocol

progressguaranteesandpracticalperformance.At
oneextreme,Herlihy’s wait-freeprotocoloffersthe
strongestprogressguaranteesandincurssubstantial
overheadin doing so. Herlihy’s small object pro-
tocol gives up the wait-free property for the non-
blocking propertyanda decreasein latency. Simi-
larly, Barnes’cachingmethodgivesup thewait-free
property in exchangefor non-blockingand paral-
lelism which could increaseperformance.Alemany
andFelten’ssoloprotocolperformsbetterundercon-
tentionbut is not robustto processorfailure. Their
soloprotocolwith loggingoffersevenlower latency
but givesup non-blockingandis simply tolerantof
commonthreaddelays.Lastly, therearefinely tuned
lockswhichoffergoodperformancebutnotolerance
of delays.

Given our performanceconcerns,we are inter-
estedin protocolswhichoffer thesameperformance
aslocksandoffer toleranceto somedelays.Because
mostexistingprotocolshaveevolvedfrom themore
theoreticalprotocols,it is not surprisingto find that
sucha protocol doesnot currently exist. We now
describea protocolthatoffersgoodperformancein
practiceandis insensitiveto preemptiondelays. In
orderto achievethis,wecombinetheideaof Barnes-
stylethreadcooperationwith thesingleactivethread
usedin AlemanyandFelten’s soloprotocol.

Themainproblemwith threadcooperationis that
inefficiencies are introducedwhen protecting the
threadsfrom eachother. By havingonly onethread
activeat a time, however, cooperationcanbe used

with no overheadin the commoncaseof an oper-
ation that doesnot block. In our solo-cooperative
protocol,a singlethreadat a time is allowedto up-
datethesharedobject,similarto locking. Thissingle
threadupdatestheobjectwithoutmakingacopyand
without loggingthechangesbeingmade.In orderto
provideinsensitivity to delays,we includea mecha-
nismwhichallowswaiting threadsto helpfinish the
work of a blockedthread.If a threadblocksduring
anoperation,its stateis storedin the objectandits
ownershipof theobjectis released.A newthreadcan
thenusethe storedstateto finish thepartially com-
pletedoperationandbeginto applyits ownchanges.
Andersonusesa techniquesimilar to this in thepro-
tection of his user-level schedulerin his scheduler
activationswork [3].

Like AlemanyandFelten’s protocols,we rely on
supportfrom the operatingsystemto executecode
on behalfof a threadwhenit blocksandunblocks.
This supportrequireschangesto the operatingsys-
temor theuseof asystemlike Anderson’sscheduler
activations.

In oursolo-cooperativeprotocol,theobjectis pro-
tectedby a variablecalledop ptr whichhasis func-
tionally similar to a lock. If op ptr is

�
, the object

is “locked”; if op ptr is � the object is free; and
for all othervalues,the objectis free,but thereis a
partiallyfinishedoperationto befinishedandop ptr
pointsits description.To updatethesharedobject,a
threadfirst readsop ptr andCompare&Swaps

�
for

a non-zerovalue,guaranteeingexclusiveaccess.If



Method Best Case Bad Case Worst Case
Solo-cooperative &���0G�����
7 & �
0G������� �:79� H

Spin-lock &���0G�����
7 & �60v���������:79� H

Table2: Total amountof work doneto completeasingleoperation.

the threadseesthat theold valueof op ptr is � , the
threadappliesits operation,setsop ptr backto � and
returns.If theold valueof op ptr is not � , thethread
completesthepartiallyfinishedoperationandsubse-
quentlyappliesits own operation. Pseudocodefor
thebodyof theprotocolappearsin Figure1.

Whenathreadblocksduringanoperation,thesys-
temexecutescodeonthethread’sbehalfwhichbun-
dles up the operationsstate(storedin the thread’s
stackand registers)and storesa pointer to this in
op ptr. This hastheeffect of releasingop ptr mak-
ing additionalupdatesto the sharedobjectpossible
eventhoughtheexecutingthreadhasblocked.

Whenathreadthatblockedduringanoperationis
unblocking,it checksits control structureto seeif
its operationhasalreadybeencompletedby another
thread.If thewakingthread’soperationhasnotbeen
completed,it will re-acquireop ptr andwill finishits
operation.If thewakingthread’s operationhasbeen
completed,it will readthe operation’s result from
its controlstructureandwill continueexecutionafter
theoperation.

In the casethat a new threadacquiresop ptr and
findsapartiallycompleteoperation,it cooperatesby
loadingtheblockedthread’s registersandcontinues
the executionof the partial operation. On comple-
tion of theblockedthread’s operation,thecooperat-
ing threadwritestheoperation’sresultin theblocked
thread’scontrolstructureandreturnstoapplyitsown
operation.

This solo-cooperativeprotocol has the problem
thatif athreadblocksonI/O, suchasapagefault, all
of thethreadsin thesystemthatattemptto cooperate
will alsoblock on this fault. While this may seem
like a majorflaw, it mayhavelittl e impact in prac-
tice. In generalwe expectcontentionfor anobject
to be low andthat therewill beno waiting threads.
In the casethat therearewaiting threads,thereis a
goodchancethat the waiting threadswill alsoneed
datathatis on thefaulting page.While it is possible
thatadditionalprogresscouldbemadewhichwould

go unexploitedby this protocol,we expectthat this
wouldnothappensufficiently oftento beaproblem.

An evaluationof our protocol in our model is
shownin Table2. Forcomparisontheexpressionfor
thespin-lockis repeatedfrom Table1. Notethatour
solo-cooperativeprotocolexecutesnomorememory
operationsor synchronizationinstructionsthan the
spin-lockwhenthreadsdonot block.

4.2 Evaluation

From Table1, we seethat Herlihy’s protocolsand
AlemanyandFelten’s soloprotocolincur overhead
� due to their needto copy the entireobject. The
overheadrenderstheseprotocolsimpracticalfor ob-
jectswith a large amountof state,suchasa thread
stack.However, for objectswith a smallamountof
state,suchasa sharedcounter, theseprotocolscan
becompetitivein practice.

In the table, we also see that Barnes caching
methodrelies heavily on synchronizationinstruc-
tions.Barnesclaimsthatalthougha largeamountof
overheadis incurredperoperationinstruction,criti-
calsectionsaredesignedtobeshortandsimple.This
techniquecould conceivablyperform betterthan a
copyingprotocolif theobjectswerelargeandtheop-
erationsconsistedof only a few instructions.

In thehigh-contention bad case,we seethatlarge
amountsof memorycontentioncanbegeneratedby
Barnes’andHerlihy’s protocols. In order to make
theseprotocolsviablein thepresenceof alargenum-
ber of active threads,they needa concurrencyre-
striction mechanismlike exponentialbackoff. In
thescenariosin which threadsdo not block, we see
that Alemany andFelten’s solo protocol,our solo-
cooperativeprotocol and the spin-lockprovide the
combinationof low latencyandlow contention.In-
terestingly, thesearethesamethreeprotocolswhich
areneithernon-blockingnor wait-free. As can be
seenin theworst case,thestrongadversarycankeep
all threeof theseprotocolsfrom makingprogress.



In thecaseof thespin-lock,theschedulersimply
needsw to allow a threadto acquirethelock andthen
blocksthethread.If theschedulerneverwakesthis
threadup, no other threadscanmakeprogressand
theprotocolis deadlocked.While this caneasilybe
causedby anadversarialscheduler, it canalsohap-
penin a multiprocessordueto processor processor
failure.

While immuneto deadlock,AlemanyandFelten’s
soloprotocolwith logging canbemadeto livelock
by the adversarialscheduler. In the solo protocol
with logging, when a threadblocks, its partial op-
erationis first undoneby theoperatingsystemusing
the log, the threadis then removedfrom the criti-
calsectionandanotherthreadis allowedto beginits
operation.By repeatedlyallowing threadsto make
progressandthenblockingthembeforecompletion
the schedulercancausethe protocol to processin-
definitely without completingan operation. Thus,
while retainingmanyof thebenefitsof thelock-free
protocols,AlemanyandFelten’s soloprotocolwith
logging is neitherwait-freenor non-blocking. This
livelock behavioris not exclusiveto an adversarial
scheduler. If a thread’s operationis too long to exe-
cutein a singleschedulingquantum,thethreadwill
alwaysblock in the operation,and this can cause
livelock.

Our solo-cooperativeprotocolcanalsobe forced
to livelock by thestrongadversary. Thusour proto-
col isalsoneitherwait-freenornon-blocking.Recall
that in our protocol,the stateof a blockedthread’s
partiallycompletedoperationis storedunderop ptr.
Uponencounteringa partiallycompleteoperation,a
threadwill try to loadthestateof this operationand
finish it. To forcelivelock, theschedulerfirst allows
a threadto partially completeanoperationandthen
forcesit to block. The schedulercan then repeat-
edlyallow anewthreadto beginloadingthestateof
the partially completedoperation,andthenblock it
beforeit makesanyprogresson the operation,thus
causinglivelock. Thisbehaviorseemslimited, how-
ever, to ourstrongadversaryandwe haveno reason
to expectthis to occurin practice.

5 Validation

Our performancemodelwasdesignedto makethe
evaluationof protocolperformanceeasyandfairly
accurate. In order to verify its accuracy, we now

comparethe resultsproducedby our model with
resultsproducedby a parallel machinesimulator.
In our simulationswe compareHerlihy’s small ob-
ject protocol and wait-free protocol, Alemany and
Felten’s 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-basedspin locks have someperfor-
manceadvantagesoverspin-locks,we chosea test-
and-Compare&Swap spin-lock becauseof its sim-
plicity andlow latency. Wedid notsimulateBarnes’
cachingprotocoldueto its implementationcomplex-
ity. In orderto obtain informationaboutexecution
performance,we rantheprotocolsin Proteus,a par-
allel machinesimulatordevelopedat MIT [9]. Pro-
teus is an executiondriven simulator which takes
asinput augmentedC programsandoutputsresults
from a parallelrunof theprogram.

In our simulations, Proteuswas configured to
modelabus-basedmultiprocessorrunningtheGood-
man cache-coherencyprotocol. In order to reflect
relativeinstructioncostsin oursimulations,memory
instructionswerechosento be6 timesasexpensive
aslocal cachedinstructionsandsynchronizationin-
structionswere12timesasexpensive( �j��� ). Dur-
ingoursimulation,eachthreadranonitsownproces-
sorandthreaddelaysdid notoccur, thusthespecial-
casecodefor the protocolsusingoperatingsystem
supportwasneverexecuted.Our simulationscon-
sistedof a numberof threads,varyingfrom 1 to 20,
alternatelyupdatinga sharedobjectandperforming
200instructionsworth of local work. We simulated
theprotocolsusingbotha sharedcounteranda cir-
cularqueueasthesharedobject.

In our model and our simulationswe do not in-
clude exponentialbackoff in any of the protocols.
Exponentialbackoff reducesresourcecontentionby
reducingconcurrency, but doesnot changethe re-
lationshipbetweenconcurrencyandcontentionin a
given protocol. Given that we are focusingon the
interactionbetweenconcurrencyandresourcecon-
tention,therewasno additionalinsightto begained
by includingexponentialbackoff.

In our first setof simulations, threadsalternately
updatea sharedcounterandperformlocal work un-
til a total of 4096 updateshavebeendone. Fig-
ure2 showsthenumberof simulatedcyclesperup-
date,varying the numberof threadsfrom 1 to 20.
Thegraphshowsthat initiall y, asthe parallelismin
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Figure5: Predictedcircularqueue

the systemis exploited, additional processorsim-
prove performance. As the numberof processors
furtherincreases,however, performancedegradesas
memorycontentionincreasesduetosynchronization
overhead.

For our sharedcounter, the model variablesare
�$�G� , �x� � , and � �G� . Recallthatour model
predictstheamountof work thataprotocolcangen-
eratefor asinglesuccessfulupdate.In orderto com-
pareourmodelto thesimulationresults,we needto
convertthis work quantityto a time quantity. In ad-
dition weneedto factorin thelocalwork performed
by thethreads.Forourbus-basedmachine,wemake
thesimpleassumption that theprotocoloverheadis
forcedto serializeandthat the local work canpro-
ceedin parallel.Let theamountof workpredictedby

ourbadcaseadversaryin Table1 be �jNV�6S . Givena
total of y updatesandlocal work z perupdate,we
expectyL�jNV�6S{	IyLz totalwork. Dividing proto-
col overheadby y andlocal work by yL� yieldsa
predicted�`NV�6S|	~}X time perupdate.A graphof
this expressionfor the simulatedprotocolsis given
in Figure3.

In our secondset of simulations, threadsalter-
nately enqueueor dequeuefrom a 64 entry circu-
lar queueand perform local work. As before,the
threadsperforma total of 4096updatesperrun and
we vary thenumberof threadsfrom 1 to 20. Figure
4 showsthe resultsfor the simulations. Our circu-
lar queuehasmodelvariables���Gdfd and ����� ,
� ��R for enqueueand ����� , � ��� for de-
queue.Sinceroughlythesamenumberof enqueues



anddequeuesoccur, we modelthestructureashav-
ing �I�$dfd , ���`�f��� and � ���;��� . We againmake
theassumptionthat local work is performedin par-
allel andthatprotocoloverheadserializes.Figure5
showstheresultspredictedby ourmodel.

Despitethe simplicity of our model, the predic-
tionsarefairly accurate.With theexceptionof Her-
lihy’swait-freeprotocol,theorderingof relativeper-
formanceis thesamein bothcases.In boththesim-
ulationsandour model the spin-lockandour solo-
cooperativeprotocolperformedwell, providinglow
latencyanddegradingreasonablyunderhigh load.
Thepredictedperformancefor thesoloprotocolwith
logging differs from the simulationresultsfor the
sharedcounter, but remainordinally correctandthe
shapeof the curvesare similar. Both the simula-
tionsandthemodelpredictionsshowthatHerlihy’s
smallobjectprotocolwithout backoff generatessig-
nificant contentionandthat the singleactivethread
in AlemanyandFelten’s solo protocoldoesreduce
thiscontention.

The performanceof Herlihy’s wait-free protocol
is seriouslymispredictedby our model. While our
model predictsthe protocol to performpoorly, the
simulatorshowsthat it scaleswell as concurrency
increases.This inaccuracystemsfrom thebasicas-
sumptionour modelmakesthat for eachupdateno
threadsare initially accessingthe object at which
point all � threadsarrive to perform an update.
While this assumptionworkswell for theotherpro-
tocols, it inaccuratelymodelsthe behaviorof the
wait-freeprotocol. In Herlihy’s wait-freeprotocol,
threadsregistertheir intendedoperationsin the ob-
ject before beginning their update. In this way,
given the protocol’s cooperationpolicy, even if a
thread’s updateattemptsareunsuccessful,its opera-
tion mustcompletewithin 2 successfulupdates[15].
Underhigh contention,Herlihy’s wait-freeprotocol
amortizesthecostof theobjectcopyandtablescan
overa numberof successfulupdates,resultingin its
goodscaling.Thisamortizationis not takeninto ac-
countby our badcasescenariowhich assumesthat
��k�� of the � threadsfail everyupdate.Thisover-
sightcouldberemediedby introducinganadversary
which forcesthe maximumwork per updateunder
a steady-statehigh contentionscenarioin which a
numberof threadscontinuallyoccupiestheobject.

With this exception,our modelaccuratelyreveals
theimportantperformancecharacteristicsof thepro-

tocolswe examined. The modelshouldserveasa
usefultool for thosedesigningandanalyzinglock-
freesynchronizationalgorithms.

6 Conclusions

Thereareanumberof lock-freesynchronizationpro-
tocols which offer guaranteesabout progressand
which eliminate the problemstraditionally associ-
atedwith locks. Theseprotocolscanbe appliedto
anysequentialobjectandcouldbeappliedby com-
pilers. Unfortunately, thesebenefitscancomeat the
costof decreasedperformance.We havequantified
the performanceof theseprotocolsby building and
validatingamodelin whichto evaluatethem.While
ourmodelis fairly simple,it reflectsthreeimportant
architecturalcharacteristics.First,thatremotemem-
ory accessesaremoreexpensivethanlocal, cached
memoryaccesses;second,that synchronizationin-
structionscanbemoreexpensivethatnormalmem-
ory references; and third, that optimistic synchro-
nization policies result in unsuccessfulthreadup-
dateswhichconsumecommunicationbandwidthand
slow the progressof the successfulthreads.Using
ourmodel,weevaluatedfive lock-freeprotocolsand
illustratedimportantperformancecharacteristicsof
each.Noneof theseprotocolsprovidedelayinsen-
sitivity while retainingthe low latencyof locking.
Accordingly, we presenteda lock-freeprotocolthat
combinesAlemanyandFelten’s single threadwith
Barnes-stylecooperationto providelow latencyand
insensitivity to preemptiondelays.

Of theprotocolsevaluated,thoseusingoperating
systemsupporthavethe most promisein practice.
AlemanyandFelten’ssoloprotocolwith loggingand
our solo-cooperativeprotocoloffer thecombination
of low latencyin the commoncaseand low mem-
ory contentionin the high load case. This perfor-
mancecomeswith the disadvantagethat neitherof
theseprotocolsarenon-blockingor wait-free.These
protocolsdo, however, retainmanyof the lock-free
benefits,andin the absenceof failures,shouldper-
form well.
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