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ABSTRACT
We presenta new nonblockingimplementationof the exchange
channel, aconcurrentdatastructurein which2N participantsform
N pairsandeachparticipantexchangesdatawith its partner. Our
new implementationcombinestechniquesfrom our previouswork
in dual stacksandfrom the elimination-basedstackof Hendleret
al. to yield veryhighconcurrency.

We assessthe performanceof our exchangechannel using
experimental results from a 16-processorSunFire 6800. We
compareour implementationto that of the Java SE 5.0 class
java.util.concurrent.Exchanger usingbothasyntheticmicrobench-
mark anda real-world applicationthat �nds anapproximatesolu-
tion to the traveling salesmanproblemusing geneticrecombina-
tion. Our algorithmoutperformstheJava SE5.0Exchanger in the
microbenchmarkby a factorof two at two threadsup to a factorof
50 at 10; similarly, it outperformstheJava SE5.0Exchanger by a
factorof � ve in thetraveling salesmanproblemat tenthreads.Our
exchangerhasbeenadoptedfor inclusionin Java 6.

Categoriesand SubjectDescriptors
D.1.3 [Programming Techniques]: ConcurrentProgramming—
Parallel Programming

GeneralTerms
algorithms,performance,experimentation

Keywords
nonblockingsynchronization,dualdatastructures,elimination,ex-
changer, lock-freedom,parallelgeneticalgorithms

1. INTRODUCTION
The problemof exchange channels(sometimesknown as ren-

dezvouschannels) arisesin a variety of concurrentprograms. In
it, a threadta with datumda thatentersthechannelpairsup with
anotherthreadtb (with datumdb) andexchangesdatasuchthatta

returnswith db andtb returnswith da. Moregenerally, 2N threads
form N pairs 〈ta1

; tb1
〉; 〈ta2

; tb2
〉; 〈ta3

; tb3
〉; :::; 〈taN

; tbN
〉 and

exchangedatapairwise.
In thebasicexchangeproblem,if nopartneris availableimmedi-

ately, threadta waitsuntil onebecomesavailable.In theabortable
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exchangeproblem,however, ta speci�esa patiencepa that repre-
sentsamaximumlengthof time it is willing to wait for apartnerto
appear;if nopartnerappearswithin pa � seconds,ta returnsempty-
handed.Cautionmustbeappliedin implementationsto ensurethat
a threadtb thatseesta justasit “givesup” andreturnsfailuremust
not returnda: Exchangemustbebilateral.

Exchangechannelsare frequentlyusedin parallelsimulations.
For example,thePromelamodelinglanguagefor theSPINmodel
checker [8] usesrendezvouschannelsto simulateinterprocesscom-
municationchannels.Anothertypical useis in operatingsystems
andserver software. In a systemwith oneproducerandonecon-
sumer, theproducermight work to �ll a buffer with data,thenex-
changeit with thebuffer-drainingconsumer. This simultaneously
boundsmemoryallocationfor buffersandthrottlestheproducerto
generatedatano fasterthantheconsumercanprocessit.

2. BACKGROUND

2.1 Nonblocking Synchronization
Linearizability [5] has become the standard technique for

demonstratingthataconcurrentimplementationof anobjectis cor-
rect. Informally, it “provides the illusion that eachoperation.. .
takeseffect instantaneouslyat somepoint betweenits invocation
and its response”[5, abstract]. Linearizability is nonblocking in
that it never requiresa call to a total method(onewhoseprecondi-
tion is simplytrue) to wait for theexecutionof any othermethod.
Thefactthatit is nonblockingmakeslinearizabilityparticularlyat-
tractive for reasoningaboutnonblockingimplementationsof con-
currentobjects,which provide guaranteesof variousstrengthre-
gardingtheprogressof methodcallsin practice.In a wait-freeim-
plementation,everycontendingthreadis guaranteedto completeits
methodcall within aboundednumberof its own timesteps[6]. In a
lock-freeimplementation,somecontendingthreadis guaranteedto
completeits methodcall within a boundednumberof steps(from
any thread's point of view) [6]. In an obstruction-freeimplemen-
tation,a threadis guaranteedto completeits methodcall within a
boundednumberof stepsin the absenceof contention,i.e. if no
otherthreadsexecutecompetingmethodsconcurrently[4].

2.2 Dual Data Structures
In traditional nonblockingimplementationsof concurrentob-

jects,every methodis total: It hasno preconditionsthat mustbe
satis�ed beforeit cancomplete. Operationsthat might normally
block beforecompleting,suchasdequeuingfrom anemptyqueue,
aregenerallytotalizedto simply returna failure codein the case
that their preconditionsare not met. Then, calling the totalized
methodin a loopuntil it succeedsallowsoneto simulatethepartial
operation.



But this doesn't necessarilyrespectour intuition for theseman-
tics of anobject! For example,considerthefollowing sequenceof
eventsfor threadsA, B, C, andD:

A calls dequeue
B calls dequeue
C enqueues a 1
D enqueues a 2
B’s call returns the 1
A’s call returns the 2

If threadA's call to dequeueis known to have startedbefore
threadB's call, then intuitively, we would think that A should
get the �rst result out of the queue. Yet, with the call-in-a-loop
idiom, orderingis simply a function of which threadhappensto
try a totalizeddequeueoperation�rst oncedata becomesavail-
able. Further, eachinvocationof the totalizedmethodintroduces
performance-sappingcontentionfor memory–interconnectband-
width on thedatastructure.Finally, notethat themutual-swapse-
manticsof an exchangechanneldo not readily admit a totalized
implementation:If onesimply fails whena partneris notavailable
at theexactmomentoneentersthechannel,therateof successful
rendezvousconnectionswill bevery low.

As analternative,supposewe couldregistera requestfor a part-
ner in the channel. Insertingthis reservationcould be donein a
nonblockingmanner, and checkingto seewhethersomeonehas
comealong to ful�ll our reservation could consistof checkinga
boolean�ag in the datastructurerepresentingthe request. Even
if the overall exchangeoperationrequiresblocking, it can be di-
videdinto two logical halves: thepre-blockingreservationandthe
post-blockingful�llment.

In ourearlierwork [10], wede�ne adualdatastructureto beone
thatmayholdreservations(registeredrequests)insteadof, or in ad-
dition to, data. A nonblockingdualdatastructureis onein which
(a) every operationeithercompletesor registersa requestin non-
blocking fashion;(b) ful�lled requestscompletein non–blocking
fashion;and(c) threadsthatarewaiting for their requeststo beful-
�lled do not interferewith theprogressof otherthreads.In a lock-
free dual datastructure,then,every operationeithercompletesor
registersarequestin alock-freemannerandful�lled requestscom-
pletein a lock-freemanner.

For amoreformaltreatmentof linearizabilityfor dualdatastruc-
tures,andfor practicalexamplesof dualstacksandqueues,werefer
thereaderto our earlierwork [10].

2.3 Elimination
Eliminationis atechniqueintroducedby Shavit andTouitou[11]

that improves the concurrency of datastructures. It exploits the
observation,for example,thatonePushandonePop,whenapplied
with no intermediateoperationsto a stackdatastructure,yield a
stateidenticalto that from beforetheoperations.Intuitively, then,
if onecould pair up PushandPopoperations,therewould be no
needto referencethestackdatastructure;they could“canceleach
otherout”. Elimination thusreducescontentionon the main data
structureandallows parallelcompletionof operationsthat would
otherwiserequireaccessinga commoncentralmemorylocation.

Moreformally, onemayde�ne linearizationpointsfor mutually-
cancelingelimination operationsin a mannersuchthat no other
linearizationpoints intervenebetweenthem; sincethe operations
effect (collectively) no changeto thebasedatastructurestate,the
historyof operations– andits correctness– is equivalentto onein
which thetwo operationsnever happened.

Although the original eliminating stack of Shavit and
Touitou [11] is not linearizable[5], follow-up work by Hendleret

al. [3] detailsonethatis. Eliminationhasalsobeenusedfor shared
counters[1] andevenfor FIFOqueues[9].

3. ALGORITHM DESCRIPTION
Our exchangerusesa novel combinationof nonblockingdual

datastructuresandeliminationarraysto achievehighlevelsof con-
currency. Theimplementationis originally basedonacombination
of ourdualstack[10] andtheeliminatingstackof Hendleretal. [3],
thoughpeculiaritiesof theexchangechannelproblemlimit thevisi-
bility of thisancestry. Sourcecodefor ourexchangermaybefound
in theAppendix.

To simplify understanding,we presentour exchangeralgorithm
in two parts. Section3.1 �rst illustratesa simpleexchangerthat
satis�esthe requirementsfor beinga lock-freedualdatastructure
asde�nedearlierin Section2.2.Wethendescribein Section3.2the
mannerin which we incorporateeliminationto producea scalable
lock-freeexchanger.

3.1 A SimpleNonblocking Exchanger
Themaindatastructurewe usefor thesimpli�ed exchangeris a

modi�ed dualstack[10]. Additionally, we useaninnernodeclass
that consistsof a referenceto an Object offered for exchange
andanAtomicReference representingthe hole for an object.
We associateonenodewith eachthreadattemptingan exchange.
Exchangeis accomplishedby successfullyexecutingacompare-
AndSet, updatingthe hole from its initial null valueto the part-
ner's node.In theevent thata threadhaslimited patiencefor how
long to wait beforeabandoningan exchange,signalingthat it is
no longerinterestedconsistsof executingacompareAndSet on
its own hole, updatingthe valuefrom null to a FAIL sentinel. If
thiscompareAndSet succeeds,no otherthreadcansuccessfully
matchthenode;conversely, thecompareAndSet canonly fail if
someotherthreadhasalreadymatchedit.

Fromthisdescription,onecanseehow toconstructasimplenon-
blockingexchanger. Referencingtheimplementationin Listing 1:
Upon arrival, if the top-of-stackis null (line 07), we compare-
AndSet our thread's nodeinto it (08) andwait until eitherits pa-
tienceexpires(10-12)or anotherthreadmatchesits nodeto us(09,
17). Alternatively, if the top-of-stackis non-null (19), we attempt
to compareAndSet our nodeinto theexisting node's hole(20);
if successful,we thencompareAndSet the top-of-stackbackto
null (22). Otherwise,we help remove thematchednodefrom the
topof thestack;hence,thecompareAndSet is unconditional.

In this simpleexchanger, theinitial linearizationpoint for anin-
progressswapis whenthecompareAndSet on line 18succeeds;
this insertsa reservation into thechannelfor thenext dataitem to
arrive. The linearizationpoint for a ful�lling operationis when
thecompareAndSet on line 20succeeds;thisbreaksthewaiting
thread's spin(lines9-16). (Alternatively, a successfulcompare-
AndSet on line 11 is the linearizationpoint for an abortedex-
change.) As it is clear that the waiter's spin accessesno remote
memorylocationsandthatbothinsertingandful�lling reservations
arelock-free(acompareAndSet in this casecanonly fail if an-
otherhassucceeded),thesimpleexchangerconstitutesa lock-free
implementationof theexchangerdualdatastructureasde�ned in
Section2.2.

3.2 Adding Elimination
Althoughthesimpleexchangerfrom theprevioussectionis non-

blocking, it will not scalevery well: The top-of-stackpointer in
particularis a hotspotfor contention.This scalabilityproblemcan
beresolvedby addinganeliminationstepto thesimpleexchanger
from Listing 1.



00 Object exchange(Object x, boolean timed,
01 long patience) throws TimeoutException {
02 boolean success = false;
03 long start = System.nanotime();
04 Node mine = new Node(x);
05 for (;;) {
06 Node top = stack.getTop();
07 if (top == null) {
08 if (stack.casTop(null, mine)) {
09 while (null == mine.hole) {
10 if (timedOut(start, timed, patience) {
11 if (mine.casHole(null, FAIL))
12 throw new TimeoutException();
13 break;
14 }
15 /* else spin */
16 }
17 return mine.hole.item;
18 }
19 } else {
20 success = top.casHole(null, mine);
21 stack.casTop(top, null);
22 if (success)
23 return top.item;
24 }
25 }
26 }

Listing 1: A simple lock-fr eeexchanger

In order to supportelimination, we replacethe single top-of-
stackpointer with an arena (array) of (P + 1)=2 Java SE 5.0
AtomicReferences, whereP is the numberof processorsin
the runtimeenvironment. Logically, the referencein position0 is
thetop-of-stack;theotherreferencesaresimply locationsatwhich
eliminationcanoccur.

Following theleadof Hendleret al., we incorporateelimination
with backoff whenencounteringcontentionat top-of-stack.As in
theirwork,by only attemptingeliminationunderconditionsof high
contention,we incurno additionaloverheadfor elimination.

Logically, in eachiterationof a main loop, we attemptan ex-
changein the0tharenapositionexactlyasin thesimpleexchanger.
If wesuccessfullyinsertor ful�ll a reservation,weproceedexactly
asbefore.Thedifference,however, comeswhenacompareAnd-
Set fails. Now, insteadof simply retryingimmediatelyat thetop-
of-stack,we backoff to attemptanexchangeat another(random-
ized) arenalocation. In contrastto exchangesat arena[0], we
limit the lengthof time we wait with a reservation in the remain-
der of the arenato a value signi�cantly smallerthan our overall
patience.After cancelingthereservation,we returnto arena[0]
for anotheriterationof theloop.

In iteration i of the main loop, the arenalocationat which we
attempta secondaryexchangeis selectedrandomlyfrom therange
1::b, whereb is the lesserof i andthearenasize. Hence,the �rst
secondaryexchangeis alwaysat arena[1], but with eachitera-
tion of the main loop, we increasethe rangeof potentialbackoff
locationsuntil we arerandomlyselectinga backoff locationfrom
the entirearena.Similarly, the lengthof time we wait on a reser-
vation at a backoff location is randomlyselectedfrom the range
0::2(b+ k) − 1, wherek is a basefor theexponentialbackoff.

Froma correctnessperspective, thesamelinearizationpointsas
in the simpleexchangerareagainthe linearizationpoints for the
eliminatingexchanger;however, they canoccurat any of thearena
slots, not just at a single top-of-stack. Although the eliminating
stackcanbeshown to supportLIFO orderingsemantics,we have
no particularorderingsemanticsto respectin the caseof an ex-
changechannel:Any threadin thechannelis freeto matchto any
otherthread,regardlessof whenit enteredthechannel.

The use of timed backoff accentuatesthe probabilisticnature
of limited-patienceexchange. Two threadsthat attemptan ex-
changewith patiencezerowill only discovereachotherif they both
happento probethe top of the stackat almostexactly the same
time. However, with increasingpatiencelevels,theprobabilityde-
creasesexponentiallythat they will fail to matchafter temporally
proximatearrivals. Otherparametersthat in�uence this rapid fall
include the numberof processorsand threads,hardware instruc-
tion timings,andthe accuracy andresponsivenessof timedwaits.
In modernenvironments,thechanceof backoff arenausecausing
two threadsto miss eachother is far lessthan the probability of
threadschedulingor garbagecollectiondelayingablockedthread's
wakeupfor long enoughto missa potentialmatch.

3.3 Pragmatics
Our implementationof this algorithm(shown in theAppendix)

re�ects afew additionalpragmaticconsiderationsto maintaingood
performance:

First, we usean array of AtomicReferences ratherthan a
single AtomicReferenceArray. Using a distinct reference
objectperslothelpsavoid somefalsesharingandcachecontention,
andplacesresponsibilityfor their placementon the Java runtime
systemratherthanon this class.

Second,thetimeconstantsusedfor exponentialbackoff canhave
a signi�cant effect on overall throughput.We empiricallychosea
basevalueto be just fasterthantheminimumobserved round-trip
overhead,acrossasetof platforms,for timedparkNanos() calls
on already-signaledthreads. By so doing, we have selectedthe
smallestvaluethat doesnot greatlyunderestimatethe actualwait
time. Over time, futureversionsof this classmight beexpectedto
usesmallerbaseconstants.

4. EXPERIMENT AL RESULTS

4.1 Benchmarks
We presentexperimentalresultsfor two benchmarks.The �rst

is a microbenchmarkin which threadsswap datain an exchange
channelasfastasthey can.

Our secondbenchmarkexempli�es the way that an exchange
channelmight beusedin a real-world application.It consistsof a
parallelimplementationof asolver for thetravelingsalesmanprob-
lem, implementedvia geneticalgorithms.It acceptsasparameters
a numberof citiesC, a populationsizeP , anda numberof gener-
ationsG, in eachof which B breedersmateandcreateB children
to replaceB individualsthat die (the remainingP − B individu-
alscarry forward to thenext generation).Breedersentera central
exchangechanneloneor moretimesto �nd a partnerwith which
to exchangegenes(a subsetof thecircuit); thenumberof partners
rangesfrom four down to one in a simulatedannealingfashion.
Betweenrandomizationof the order of breedersand the (semi-)
nondeterministicmannerin whichpairingshappenin theexchange
channel,we achieve adiversesetof matingswith high probability.

4.2 Methodology
All resultswereobtainedon a SunFire6800,a cache-coherent

multiprocessorwith 16 1.2GHzUltraSPARC III processors.We
testedeach benchmarkwith both our new exchangerand the
Java SE5.0 java.util.concurrent.Exchanger1 in Sun's Java SE5.0
1Actually, the Java SE 5.0 Exchanger containsa �a w in which a
wake-upsignal is sometimesdeliveredto the wrong thread,forc-
ing a would-beexchangerto time out beforenoticing it hasbeen
matched.For our tests,we compareinsteadto a modi�ed version
(Exchanger15a) thatcorrectsthis issue.
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Figure 1: Micr obenchmark: Thr oughput (top) and Success
rate (bottom). Note that the thr oughput graph is in log scale.

HotSpotVM, rangingfrom 2 to 32threads.For bothtests,wecom-
putetheaverageof threetestruns.

For thetravelingsalesmanapplication,weused100cities,apop-
ulationof 1000chromosomes,and200breeders.We measurethe
total wall-clock time requiredto complete20000generationsand
calculatethe total numberof generationsper secondachieved at
eachthreadlevel.

Figure1 displaysthroughputandtherateatwhichexchangesare
successfulfor our microbenchmarkanalysisof exchangers.Fig-
ure 2 presentstotal running time, asa function of the numberof
threads,andthegenerationcompletionthroughputfor our parallel
geneticalgorithm-basedtravelingsalesmansolver.

4.3 Discussion
As can be seenfrom the top half of Figure 1, our exchanger

outperformsthe Java SE 5.0 Exchanger by a factorof two at two
threadsup to a factorof 50 by 10 threads.Theperformanceof the
Java SE5.0 Exchanger degradesasthenumberof threadspartici-
patingin swapsincreases.Thislackof scalabilitymaybeattributed
to thecoarse-grainedlocking strategy that it uses.Anotherpartof
thereasonfor thisdifferencemaybeobservedfrom thebottomhalf
of Figure1. While our nonblockingexchangeris ableto maintain
nearly100%successin exchangeoperations,theJava SE 5.0 Ex-
changer getsdramaticallyworseas the numberof active threads
increases,particularly in the presenceof preemption(beyond 16
threads).

For the traveling salesmanapplication,we seeno differencein
the total running time (Figure 2 top) at two threads,but by 10
threadsthe differencein running time is nearly a factor of � ve.
Whenwe look at the throughputrateof computation(generations
per second)in thebottomhalf of Figure2, we seethatagain,our
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Figure 2: Parallel GA-Traveling Salesman: Total Execution
Time (top) and Generationsper secondthr oughput (bottom).

exchangerscalesmore-or-less linearly up to 8 threads,and con-
tinues to gain parallel speedupthrough12, but the Java SE 5.0
Exchanger degradesin performanceas the numberof threadsin-
creases.Thedrop-off in throughputfor our exchangerwe seebe-
ginningat 16 threadsre�ects theimpactof preemptionin slowing
down exchangesandinter-generationbarriers

4.4 Field Notes: Multi­party Exchange
Considertheexchangerusedwith morethantwo threads.In our

paralleltravelingsalesmanimplementation(pseudocodefor apiece
of which appearsin Listing 2), eachthreadis assigneda certain
numberof individualsto breed,andthebreedingsareconductedin
parallel.As mentionedearlier, eachbreedingconsistsof swapping
geneswith a partnerfoundfrom acentralexchangechannel.

With two threads,no complicationsarise,but beginningat four,
a problemappearswhereinall but onethreadcanmeetup enough
timesto �nish breeding,leaving onethreadhighanddry. Consider
the following example,in which four threads(T1 ::T4) eachhave
threeelements(a; b;c) to swap.Supposethatswapsoccuraccord-
ing to thefollowing schedule:

hT1 (a); T2(a)i
hT1 (b); T3 (a)i
hT2 (b); T3 (b)i
hT1 (c); T2 (c)i
hT3 (c); T4 (a)i

Now, T4 still needsto swapb andc, but hasno oneleft to swap
with. Although onecould usea barrier betweentrips to the ex-
changerto keepthreadssynchronized,this would be an exceed-
ingly high-overheadsolution; it would hurt scalabilityandperfor-
mance.Further, it would resultin moredeterministicpairingsbe-



for (int 1 = 0; i < numToBreed; i++) {
Chromosome parent = individuals[breeders[first+i]];
try {

Chromosome child = new Chromosome(parent);
*1* Chromosome peer = x.exchange(child, 100,

TimeUnit.MICROSECONDS);
children[i] = child.reproduceWith(peer, random);

} catch (TimeoutException e) {
*2* if (1 == barrier.getPartiesRemaining()) {

// No peers left, so we mate with ourselves
*3* mateWithSelf(i, numToBreed, children);

break;
}

*4* // Spurious failure; retry the breeding
--i;

}
}
barrier.await();

Listing 2: Multi-party exchange

for (int 1 = 0; i < numToBreed; i++) {
Chromosome parent = individuals[breeders[first+i]];
Chromosome child = new Chromosome(parent);
Exchanger.Color clr = ((1 == tid & 1) ? RED : BLUE;
Chromosome peer = x.exchange(child, clr);
children[i] = child.reproduceWith(peer, random);

}

Listing 3: Multi-party exchangewith a red-blueexchanger

tweenthreadsin ourtravelingsalesmanapplication,whichis unde-
sirablein geneticalgorithms.

Instead,we detect this caseby limiting how long would-be
breederswait in the exchangechannel. If they time out from the
breeding(*1*), we entera catchblock wherewechecka barrierto
seeif we're theonly onesleft (*2*). If not, we retry thebreeding
(*4*); otherwise,we know that we're the only threadleft andwe
simply recombinewithin thebreederswe have left (*3*).

It is unfortunatethat an externalcheckingidiom is requiredto
make useof theexchangechannelwith multiple threads.Our trav-
eling salesmanbenchmarkalreadyneedsa barrier to ensurethat
onegenerationcompletesbeforethenext begins,sothis addslittle
overheadin ourspeci�c case.However, thesamecannotbereadily
guaranteedacrossall potentialmulti-partyswapapplications.

On theotherhand,supposewe hada channelthatallows anex-
changeparty to be oneof two colors (red or blue) and that con-
strainsexchangesto beingbetweenpartiesof dissimilarcolor. Such
anexchangercouldbebuilt, for example,asa shared-memoryim-
plementationof generalizedinput-outputguards[2] for Hoare's
CommunicatingSequentialProcesses(CSP)[7]. Then,by assign-
ing RED to threadswith oddID andBLUE to threadswith evenID,
we couldsimplify thecodeasshown in Listing 3.

Note thatwe no longerneedtimeout: Assumingthenumberof
threadsandbreedersarebotheven,anequalnumberwill swapwith
redaswith blue;strandedexchangesareno longerpossible.(The
slightly reducednon-determinismin breedingseemsa smallprice
to payfor simplercodeandfor eliminatingthedeterminismthatoc-
curswhena threadmustbreedwith itself.) A red-blueexchanger
also generalizesproducer-consumerbuffer exchangeto multiple
producersandmultiple consumers.By simply markingproducers
blue andconsumersred, swapswill alwaysconsistof a producer
receiving anemptybuffer anda consumerreceiving a full one.

Implementing a red-blue exchanger would be a relatively
straightforward extension to our new exchanger. In particular,
ratherthanassumingthatany pairof threadsmatchin arena[0],
we could switch to a full implementationof a dual stack,using
Push() for redthreadsandPop() for blue. We would similarly

needto updateelimination in the nonzeroarenaslots. No other
changesto our algorithmwould beneeded,however, to supporta
bi-chromaticexchangechannel.

5. CONCLUSIONS
In this paper, we have demonstrateda novel lock-freeexchange

channelthatachievesveryhighscalabilitythroughtheuseof elim-
ination.To ourknowledge,this is the�rst combinationof dualdata
structuresandeliminationarrays.

In a head-to-headmicrobenchmarkcomparison,our algorithm
outperformsthe Java SE5.0 Exchanger by a factorof two at two
threadsanda factorof 50 at 10 threads.We have further shown
thatthisperformancedifferentialspellsthedifferencebetweenper-
formancedegradationand linear parallelspeedupin a real-world
geneticalgorithm-basedtraveling salesmanapplication. Our new
exchangechannelhasbeenadoptedfor inclusionin Java 6.

For futurework, we suspectthatothercombinationsof elimina-
tion with dualdatastructuresmight seesimilar bene�ts; in partic-
ular, our dual queueseemsto be an ideal candidatefor suchex-
perimentation.Additionally, we look forwardto implementingand
experimentingwith our red-blueexchanger.
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APPENDIX

ExchangerSourceCode
The following code may be found online at http://
gee.cs.oswego.edu/cgi-bin/viewcvs.cgi/
jsr166/src/main/java/util/concurrent/
Exchanger.java

public class Exchanger<V> {
private static final int SIZE =

(Runtime.getRuntime().availableProcessors() + 1) / 2;
private static final long BACKOFF_BASE= 128L;
static final Object FAIL = new Object();
private final AtomicReference[] arena;
public Exchanger() {

arena = new AtomicReference[SIZE + 1];
for (int i = 0; i < arena.length; ++i)

arena[i] = new AtomicReference();
}

public V exchange(V x) throws InterruptedException {
try {

return (V)doExchange(x, false, 0);
} catch (TimeoutException cannotHappen) {

throw new Error(cannotHappen);
}

}
public V exchange(V x, long timeout, TimeUnit unit)

throws InterruptedException, TimeoutException {
return (V)doExchange(

x, true, unit.toNanos(timeout));
}

private Object doExchange(
Object item, boolean timed, long nanos)
throws InterruptedException, TimeoutException {
Node me = new Node(item);
long lastTime = (timed)? System.nanoTime() : 0;
int idx = 0;
int backoff = 0;

for (;;) {
AtomicReference<Node> slot =

(AtomicReference<Node>)arena[idx];

// If this slot is occupied, an item is waiting...
Node you = slot.get();
if (you != null) {

Object v = you.fillHole(item);
slot.compareAndSet(you, null);
if (v != FAIL) // ... unless it's cancelled

return v;
}

// Try to occupy this slot
if (slot.compareAndSet(null, me)) {

Object v = ((idx == 0)?
me.waitForHole(timed, nanos) :
me.waitForHole(true, randomDelay(backoff)));

slot.compareAndSet(me, null);
if (v != FAIL)

return v;
if (Thread.interrupted())

throw new InterruptedException();
if (timed) {

long now = System.nanoTime();
nanos -= now - lastTime;
lastTime = now;
if (nanos <= 0)

throw new TimeoutException();
}
me = new Node(item);
if (backoff < SIZE - 1)

++backoff;
idx = 0; // Restart at top

}

else // Retry with a random non-top slot <= backoff
idx = 1 + random.nextInt(backoff + 1);

}
}

private long randomDelay(int backoff) {
return ((BACKOFF_BASE << backoff) - 1) &

random.nextInt();
}

static final class Node
extends AtomicReference<Object> {
final Object item;
final Thread waiter;
Node(Object item) {

this.item = item;
waiter = Thread.currentThread();

}

Object fillHole(Object val) {
if (compareAndSet(null, val)) {

LockSupport.unpark(waiter);
return item;

}
return FAIL;

}

Object waitForHole(
boolean timed, long nanos) {
long lastTime = (timed)?

System.nanoTime() : 0;
Object h;
while ((h = get()) == null) {

// If interrupted or timed out, try to
// cancel by CASing FAIL as hole value.
if (Thread.currentThread().isInterrupted() ||

(timed && nanos <= 0)) {
compareAndSet(null, FAIL);

} else if (!timed) {
LockSupport.park();

} else {
LockSupport.parkNanos(nanos);
long now = System.nanoTime();
nanos -= now - lastTime;
lastTime = now;

}
}
return h;

}
}

}


