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Abstract

Synchronization is a crucial operation in many parallel applications. Conventional synchronization mechanisms
are failing to keepup with theincreasingdemand for ef�cient synchronization operationsassystemsgrow larger and
network latency increases.

The contributions of this paper are threefold. First, werevisit somerepresentative synchronizationalgorithmsin
light of recent architecture innovations and providean exampleof how the simplifying assumptionsmadeby typical
analytical models of synchronization mechanismscan lead to signi� cant performanceestimateerrors. Second, we
present anarchitectural innovation calledactivememory that enablesvery fastatomicoperationsin a shared-memory
multiprocessor. Third, weuseexecution-driven simulation to quantitatively compare the performanceof a variety of
synchronization mechanismsbasedon both existinghardware techniquesand activememoryoperations. To thebest
of our knowledge, synchronization basedon active memory outforms all existing spinlock and non-hardwiredbarr ier
implementationsby a large margin.
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1 In tr oduction

Barriers andspinlocks aresynchronization mechanismscommonly used by many parallel applications.

A barrier ensuresthatno processin agroupof cooperating processesadvancesbeyond agiven point until all

processeshave reached the barrier. A spinlock ensures atomic accessto dataor codeprotected by thelock.

Their ef�cie ncy often limits theachievableconcurrency, and thusperformance,of parallel applications.

The performance of synchronization operations is limited by two factors: (i) the number of remoteac-

cesses required for a synchronization operation and (ii) the latency of each remote access. The impact of

synchronization performance on the overall performance of parallel applications is increasing due to the

growing speed gap between processors and memory. Processor speedsare increasing by approximately

55% per year, while local DRAM latency is improving only approximately 7%per yearand remotememory

latency for large-scalemachinesis almostconstant due to speed of light effects [26].

For instance, a32-processorbarrier operationonanSGI Origin 3000system takesabout232,000 cycles,

duringwhich timethe32R14K processorscould haveexecuted22mill ionFLOPS. This22MFLOPS/barrier

ratio isanalarming indication that conventional synchronization mechanismshurt system performance.

Over the years, many synchronization mechanismsand algorithms have been developed for shared-

memory multiprocessors. The classical paper on synchronization by Mellor-Crummy and Scott provides

a thorough and detailedstudy of representative barrier and spinlock algorithms, each with their own hard-

wareassumptions [21]. More recent work surveys themajor research trends of spinlocks [2]. Both papers

investigatesynchronization more fromanalgorithmicperspective thanfromahardware/architectureangle.

We feel that a hardware-centric study of synchronization algorithms is a necessary supplementto this

prior work, especially giventhevariety of new architectural featuresand thesigni� cant quantitativechanges

thathave takenplace in multiprocessor systemsover thelastdecade.Sometimessmallarchitectural innova-

tionscan negatekey algorithmic scalabilit y properties. For example, neither of theabove-mentionedpapers

differentiatesbetweenthewaythat thevariousread-modify-write(RMW) primitives(e.g., tes t- and- se t

or co mpar e- and -s wap) arephysically implemented. However, thelocation of thehardwareRMW unit,

e.g., in the processor or in thecommunication fabric or thememorysystem,canhave a dramatic impacton

synchronization performance. For example, we � nd that when the RMW functionality is performed near

thememory/directory controller rather thanviaprocessor-sideatomicoperations, 128-processor barrier per-

formancecanbe improved by a factor of 10. Moving theRMW operation from theprocessorto a memory

controller canchangetheeffective time complexity of a barrier operation to O(1) network latenciesfrom

no better than O(N ) in conventional implementations for the samebasic barrier algorithm. This observa-

tionill ustratesthepotential problemsassociatedwith performing conventional “pen-and-pencil” algorithmic

complexity analysis on synchronizationmechanisms.

While paper-and-pencil analysis of algorithms tends to ignore many of the subtleties that makea big

difference on real machines, running and comparing programs on real hardware is limited by the hard-

wareprimitives available on, and thecon�gu rations of, available machines. Programtrace analysis is hard
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becausethehardwareperformancemonitor countersprovidelimited coverageand reading themduringpro-

gramexecution changesthe behavior of anotherwisefull-speedrun. Experimenting with a new hardware

primitive is virtually impossible on an existing machine. As a result, in this paper we useexecution-driven

simulation to evaluatemixes of synchronization algorithms,hardware primitives, andthe physical imple-

mentations of theseprimitives. We do not attempt to provide a comprehensive evaluation of all proposed

barrier andspinlock algorithms. Rather, we evaluateversions of a barrier from a commercial library and

a representative spinlock algorithm adaptedto several interesting hardware platforms. Detailed simulation

helps us comparequantitatively the performance of thesesynchronization implementationsand, whenap-

propriate,correct previousmis-assumptionsabout synchronizationalgorithmperformancewhenrun onreal

hardware.

The restof this paperis organizedasfollows. Section 2 analyzesthe performance of a variety of barrier

and spinlock algorithmson a cc-NUMA (cache-coherent non-uniform memoryaccess) system using dif-

ferent RMW implementations, including load-linked/store-conditional instructions, processor-side atomic

operations, simple memory-side atomic operations,and active messages. Section 3 presents thedesign of

active memory, which supports sophisticatedmemory-side atomic operationsand canbe used to optimize

synchronization performance.Section 4 describesoursimulation environment andpresentstheperformance

numbersof barriersand spinlocks implemented using avariety of atomic hardwareprimitives.Finally, Sec-

tion5 draws conclusions.

2 Synchronization on cc-NUMA Multipr ocessors

In thissection, wedescribehow synchronization operationsareimplementedon traditional sharedmem-

ory multiprocessors. We thendescribe architectural innovations that have beenproposed in recent years to

improvesynchronization performance. Finally, weprovideabrief timecomplexity estimatefor barriersand

spinlocksbased on thevariousof availableprimitives.

2.1 Backgro und

2.1.1 Atomic Operationson cc-NUMA systems

Most systemsprovide some form of processor-centric atomic RMW operations for programmers to imple-

ment synchronization primitives. For example, the Intel ItaniumTMprocessor supports semaphore instruc-

tions[14], whilemost major RISC processors[7, 16, 20] useload-linked/store-conditional instructions. An

LL(load-linked) instruction loads a block of data into the cache. A subsequent SC(store-conditional) in-

struction attempts to write to the same block. It succeedsonly if the block has not been referenced since

the preceding LL. Any memory reference to the block from another processor betweentheLL and SCpair

causesthe SC to fail. To implementan atomic primitive, library routines typically retry the LL/SC pair

repeatedly until theSC succeeds.

3



( a )  naive coding

atomic_inc( &barrier_variable );
spin_until( barrier_variable == num_procs );

int count = atomic_inc( &barrier_variable );

( b )  "optimized" version

if( count == num_procs-1 )
      spin_variable = num_procs;
else
      spin_until( spin_variable == num_procs );

Figure 1. Barrie r code .

A drawbackof processor-centric atomicRMW operations is that they introduceinterprocessor communi-

cation for everyatomicoperation. In adirectory-based write-invalidateCC-NUMA system,whenaproces-

sor wishesto modify asharedvariable, thelocal DSM hardwaresendsamessageto thevariable'shomenode

to acquire exclusive ownership. In response, the homenodetypically sendsinvalidation messagesto other

nodes sharing the data. The resulting network latency severely impacts the ef� ciency of synchronization

operations.

2.1.2 Barr iers

Figure 1(a) shows a naive barrier implementation. This implementation is inef�ci ent becauseit directly

spinson thebarrier variable. Sinceprocessesthat have reachedthebarrier repeatedly try to readthebarrier

variable, the next increment attempt by another process will competewith theseread requests, possibly

resulting in a long latency for the incrementoperation. Althoughprocessesthathavereachedthebarrier can

be suspended to avoid interferencewith the subsequent increment operations, the overheadof suspending

and resuming processesis typically toohigh to beuseful.

A common optimization to thisbarrier implementation is to introduceanew variable on which processes

spin, e.g., spi n va ria bl e in Figure 1(b). Becausecoherence is maintained at cache line granularity,

barr ie r var ia bl e andspi n va ria bl e should not resideon thesamecacheline. Using a separate

spin variable eliminatesfalse sharing between thespin and increment operations. However, doing sointro-

duces an extra write to the spi n va ria bl e for eachbarrier operation, which causesthe home node to

sendan invalidation requestto every processor and thenevery processor to reloadthespin variable.

Nevertheless, thebene�t of usingaseparatespin variable often outweighsits overhead, which is aclassic

exampleof trading programmingcomplexity for performance. Nikolopoulosand Papatheodorou [23] have

demonstrated thatusing a separatespin variable improves performance by 25% for a 64-processor barrier

synchronization.

Wedividethetotal timerequired to performabarrier operation into two components, gather andrelease.

Gather is the interval during which eachthreadsignals its arrival at the barrier. Release is thetime it takes

to convey to every processthat thebarrieroperationhascompletedandit is time to progress.
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acquire_ticket_lock( ) {

}

 
  spin_until(my_ticket == now_serving);
  int my_ticket = fetch_and_add(&next_ticket, 1);

release_ticket_lock( ) {
  now_serving = now_serving + 1;
}

Figu re 2. Ticket lock code

Assuming a best casescenario where there is no external interference, the algorithm depicted in Fig-

ure 1(b) requiresat least 15 one-way messagesto implement the gather phasein a simple 3-process barrier

using LL/SC or processor-side atomic instructions. These15 messagesconsist primarily of invalidation,

invalidation acknowledgement, and load requestmessages. Twelve of these messages must be performed

serially, i.e., they cannot beoverlapped.

In theoptimizedbarriercode,whenthelast processarrives,it invalidatesthecachedcopiesof spi n var ia bl e

in thespinning processors,modi�es sp in va ri able in DRAM, and weenter releasephase. Every spin-

ning processneeds to fetch the cache line that contains spi n va ria bl e from its home node. Modern

processorsemploy increasingly large cacheline sizes to capture spatial locality. When the number of pro-

cesses is large, this burst of reads to spi n var ia bl e wil l cause congestion at theDRAMs and network

interface.

Someresearchershaveproposedbarrier trees[12, 27, 33], whichusemultiplebarrier variablesorganized

hierarchically so that atomic operations on different variables can be done in parallel. For example, in

Yew et.al.'s software combining tree [33], processors are leaves of a tree. The processors are organized

into groups and when the last processor in a group arrivesat the barrier, it increments a counter in the

group's parent node. Continuing in this fashion, when all groups of processors at a particular level in the

barrier treearrive at the barrier, the last one to arrive increments an aggregate barrier one level higher in

the hierarchy until the last processor reachesthe barrier. When the �na l processarrivesat the barrier and

reachesthe root of the barrier tree, it triggers a wave of wakeup operations down the tree to signal each

waiting processor. Barrier treesachieve signi�cant performance gains on large systems by reducing hot

spots, but they require extra programmingeffort and their performanceis constrained by the base(single

group) barrierperformance.

2.1.3 Spinlocks

Ticketlocksarewidely used to grantmutualexclusiontoprocessesin FIFOorder. Figure2presentsatypical

ticket lock implementation thatemploys two global variables, a sequencer(next ti ck et ) and a counter

(now ser vi ng). To acquire the lock, a processatomically increments the sequencer, thus obtaining a

ticket, andthen waits for the count to becomeequal to its ticket number. A process releasesthe lock by

incrementing the counter. Data races on the sequencer and propagation delays of the new counter value

degradetheperformanceof ticket locksrapidly asthenumberof participating processors increases. Mellor-
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Crummyand Scott [21] showedthat inserting aproportionalbackoff in thespinningstagegreatly improves

the ef� ciency of ticket locks on a systemwithout coherent cachesby eliminating most remote accesses to

the global now ser vi ng variable. On modern cache-coherent multiprocessors, wheremost of spinning

readsto now se rv in g hit in local caches, there arevery few remote accessesfor backoff to eliminate.

Also, inserting backoff is not risk-free;delaying one process forcesa delay on other processesthat arrive

laterbecauseof theFIFO natureof thealgorithm.

On acache-coherent multiprocessor, T. Anderson'sarray-based queuing lock [3] is reportedto beoneof

thebestspinlockimplementations[21]. Anderson'slock usesanarray of �ag s. A counterservesastheindex

into the array. Every processspins on its own �ag . Whenthe lock is released,only the next winner's � ag

access turns into a remote memory access. All other processors keep spinning on their local cached � ags.

Selective signaling improvesperformance, but thesequencer remainsa hot spot. Nevertheless, selectively

signaling one processor at a time noticeably improvesperformance for large systems. To further improve

performance,all global variables(thesequencer, thecounter and all the� ags)should bemapped to different

cache linesto avoid falsesharing.

2.2 Related Arc hi t ectur al Im provements to Synchronization

Many architectural innovationshave been proposedover the decades to overcomethe overhead induced

by cc-NUMA coherenceprotocolson synchronization primitives, asdescribedin Section 2.1.

The fastesthardware synchronization implementation usesa pair of dedicatedwires betweenevery two

nodes [8, 29]. However, for large systems thecost and packaging complexity of running dedicated wires

betweenevery two nodesis prohibitive. In addition to thehigh cost of physical wires, thisapproach cannot

support more thanonebarrier at onetime and doesnot interact well with load-balancing techniques, such

asprocessmigration, where theprocess-to-processormapping isnot static.

The fetch-and-� instructions in the NYU Ultracomputer [11, 9] are the� rst to implement atomic opera-

tionsin thememory controller. In addition to fetch-and-add hardwarein thememory module, theUltracom-

puter supports an innovative combining network that combinesreferencesfor the same memory location

within the routers.

The SGI Origin 2000 [18] andCray T3E [28] support a set of memory-side atomic operations (MAOs)

thataretriggeredby writesto special IO addressesonthehomenodeof synchronization variables. However,

MAOsdo not work in thecoherent domain and rely on software to maintain coherence, which haslimited

their usage.

The Cray/Tera MTA [17, 1] usesfull/empty bits in memory to implement synchronized memory refer-

ences in a cachelesssystem. However, it requirescustom DRAM (anextra bit for every word) and it is not

clearhow it can work ef�cie ntly in presence of caches. The fetch add operation of the MTA is similar to

and predates theMAOsof theSGI Origin 2000 and CrayT3E.

Activemessageareanef�ci entway to organizeparallel applications [5, 32]. An activemessageincludes

the addressof a user-level handler to be executed by the receiving processor upon messagearrival using
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the message body asthe arguments. Active messages canbeused to perform atomic operations on a syn-

chronization variable's homenode, which eliminates theneed to shuttle the data backand forth acrossthe

network or perform long latency for remoteinvalidations. However, performing the synchronization op-

erationson the node's primary processor rather thanon dedicatedsynchronization hardware entails higher

invocation latency and interfereswith useful work beingperformedon thatprocessor. In particular, theload

imbalanceinducedby having asinglenodehandlesynchronization traf�c can severely impactperformance

due to Amdahl'sLaw effects.

The I-structureand explicit token-store(ETS) mechanism supportedby theearly data�ow project Mon-

soon [4, 24] can beusedto implement synchronization operationsin a manner similar to active messages.

A tokencomprisesa value, a pointer to the instruction to execute(IP), and a pointer to anactivation frame

(FP). Theinstruction in the IP speci�es anopcode(e.g., ADD), the offsetin the activation framewhere the

match will takeplace(e.g., FP+3), andoneor moredestination instructionsthatwill receivetheresult of the

operation (e.g.,IP+1). If synchronization operations are to be implementedon anETS machine, software

needs to managea � xed nodeto handle the tokensand wakeupstalled threads.

QOLB [10,15] by Goodman et al. serializessynchronization requests through a distributed queue sup-

ported by hardware. The hardware queue mechanism greatly reducesnetwork traf�c. The hardware cost

includes three new cache line states, storage for the queue entries, a “shadow line” mechanism for local

spinning, andamechanismto perform directnode-to-node lock transfers.

Several recent clusters off-load synchronization operations from themainprocessor to network proces-

sors [13, 25]. Gupta et al. [13] use user-level one-sidedMPI protocols to implement communication func-

tions, including barriers. The QuadricsTMQsNet interconnect used by the ASCI Q supercomputer [25]

supports both a pure hardware barrier using a crossbar switch and hardware multicast, and a hybrid hard-

ware/software tree barrier that runs on thenetwork processors. For up to 256 participating processors, our

AMO-based barrier performs better than the Quadrics hardwarebarrier. As background traf�c increases

and thesystemgrowsbeyond256processors, weexpect that theQuadricshardwarebarrier will outperform

AMO-based barriers. However, the Quadrics hardware barrier has two restrictions that limit its usabilit y.

First, only oneprocessorper nodecan participate in the synchronization. Second, thesynchronizing nodes

must beadjacent. Their hybrid barrierdoesnot have theserestrictions,but AMO-basedbarriersoutperform

themby a factor of four in all of our experiments.

2.3 Time Compl exit y Anal ysi s

In this section, we estimate the time complexity of the barrier and spinlock algorithms introduced in

Section 2.1.Wedonot survey all existing barrier andspinlock algorithms,nor doweexaminethealgorithms

on all (old and new) architectures. Instead, we usethese commonly usedalgorithmsto illustratetheeffect

of architectural/hardware featuresthat have emergedin thepast decadeand to identify key featuresof real

systemsthat areoften neglected in previousanalytical modelsof thesealgorithms.
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( a ) LL/SC (best case) and processor�side atomic instructions 

( b ) Memory�side atomic operation and Active Message

Figure 3. Gather phase of a three-process bar rier.

It is customary to evaluate theperformanceof synchronization algorithmsin terms of thenumber of re-

motememoryreferences(i.e., network latencies) required to perform eachoperation. With atomic RMW

instructions, the gather stage latency of an N-processbarrier includes4N non-overlappable one-way net-

work latencies, ill ustrated in Figure 3(a). To increment the barrier count, each processor must issue an

exclusive ownership request to the barrier count's homenode, which issuesan invalidation message to the

prior owner, which responds with an invalidation acknowledgement, and � nally the homenodesends the

requesting processor anexclusive ownership reply message. If we continueto assume that network latency

is the primary performance determinant, the time complexity of the release stage is O(1), because theN

invalidation messages andsubsequent N reload requests can be pipelined. However, researchershave re-

ported that memory controller (MMC) occupancy hasagreater impactonbarrierperformancethannetwork

latency for medium-sized DSM multiprocessors [6]. In other words, the assumption that coherencemes-

sages canbesentfrom or processedby a particular memory controller in negligible time does not hold. If

MMC occupancy is the key determinant of performance, then the time complexity of the releasestage is

O(N ), not O(1).

Few modernprocessors directly implement atomic RMW primitives. Instead, they provide some variant

of the LL/SC instruction pair discussedin Section 2.1. For small systems,the performance of barriers

implementedusing LL/SC instructionsis closeto that of barriersbuilt usingatomic RMW instructions.For

larger systems, however, competition betweenprocessors causesa lot of interference, which can lead to a

large number of backoffs and retries. While the best casefor LL/SC is the sameasfor atomic RMWs (4N

message latencies), the worst case number of message latencies for the gather phase of an LL/SC-based

barrier is O(N 2). Typical performance is somewhere in between, depending on the amount of work done

betweenbarrier operationsand theaverageskew in arrival timebetweendifferent processors.

If the atomic operation functionality resides on the MMC, as it doesfor the Cray [28] and SGI [18]

machinesthat support MAOs, a large number of non-overlapping invalidation and reload messagescan be

eliminated. In thesesystems, the RMW unit is tightly coupled to the local coherencecontroller, which

eliminatestheneedto invalidatecachedcopiesbeforeupdatingbarri er vari able in thegather phase.

Instead, synchronizing processors can send their atomic RMW requests to the home MMC in parallel,
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Hardwaresupport Gatherstage Releasestage Total

Processor-sideatomic O(N ) O(1) or O(N ) O(N )

LL/SCbestcase O(N ) O(1) or O(N ) O(N )

LL/SCworst case O(N 2) O(1) or O(N ) O(N 2)

MAO network latency bound O(1) O(1) O(1)

MAO MMC occupancy bound O(N ) O(N ) O(N )

ActMsg network latencybound O(1) O(1) O(1)

ActMsg MMC occupancy bound O(N ) O(N ) O(N )

Table 1. Time comp lexity of barri er wit h diff erent hardware sup por t.

and the MMC can execute therequests in a pipelined fashion (Figure 3(b)). Since theoperations by each

processor areno longer serialized, the time complexity of the gather phaseMAO-based barriers is O(N )

memory controller operations or O(1) network latencies,depending on whether the bottleneck is MMC

occupancy or network latency. Since MAOs are performedon non-coherent (IO) addresses, the release

stagerequires processors to spin over the interconnect, which can by introduce signi�can t network and

memory controller load.

Barriers built using active messagesare similar to thosebuilt with MAOs in that the atomic increment

requests on a particular global variable are sent to a single node, which eliminates the message latencies

requiredto maintaincoherence.Both implementation strategieshavethesametimecomplexity asmeasured

in network latency. However, active messagestypically use interrupts to triggertheactive messagehandler

on thehome nodeprocessor, which is a far higher latency operation thanpipelined atomic hardwareoper-

ations performedon the memory controller. Thus, barriersbuilt using active messagesaremore likely to

beoccupancy-bound thanthosebuilt using MAOs.Recall thatwhenoccupancy is theprimary performance

bottleneck, thegather phasehasa timecomplexity of O(N ).

In terms of performance, spinlocks suffer from similar problemsasbarriers. In a programusing ticket

locks for mutual exclusion, a processcan enter the critical section in O(1) time, asmeasured in network

latency, or O(N ) time, asmeasured in memorycontroller occupancy. A programusing Anderson's array-

based queuing lockhasO(1) complexity using eithermeasurement method.

Table 1 summarizesour discussionsof non-tree-basedbarriers. If we build a treebarrier fromoneof the

abovebasic barriers,theO(N ) and O(N 2) timecomplexity casescan bereducedto O(log(N )), albeit with

potentially non-trivial constant factors. In Section 4.2.2,we revisit someof theseconclusionsto determine

theextentto which oftenignored machine featurescan affect synchronization complexity analysis.

3 AMU- Supported Synchronization

We are investigating the value of augmenting a conventional memory controller (MC) with an Active

Memory Unit (AMU) capable of performing simple atomicoperations. Werefer to suchatomicoperations

as Active Memory Operations (AMO s). AMOs let processors ship simple computations to the AMU
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Figu re 4. Hardware organizatio n of the Active Memory Contr oller .

on thehomememory controller of thedatabeing processed, insteadof loading thedatain to a processor,

processing it, andwriting it backto thehome node.

AMOsareparticularly useful for data itemswith poor temporal locality that arenot accessedmany times

betweenwhenthey areloadedinto a cache and later evicted, e.g., synchronization variables. Synchroniza-

tion operationscanexploit AMOs by performing atomic read-modify-write operationsat thehomenodeof

thesynchronization variables, ratherthanbouncing themback and forth acrossthenetwork aseachproces-

sor tests or modi� es them. Unlike the MAOsof Cray and SGI machines,AMOs operate on cache coherent

dataandcanbeprogrammed to triggercoherenceoperationswhen certain eventsoccur.

Our proposed mechanism augmentstheMIPSR14K ISA with a few AMO instructions. TheseAMO in-

structionsareencoded in an unused portion of theMIPS-IV instruction setspace. Different synchronization

algorithmsrequire different atomic primitives.Weareconsidering arangeof AMO instructions, but for this

study weconsideronly amo.i nc (increment by one) andamo.fe tc hadd (fetchand add). Semantically,

theseinstructionsare identical to thecorrespondingatomic processor-sideinstructions,soprogrammerscan

use themas if they wereprocessor-sideatomic operations.

3.1 Har dw are Or gani zation

Figure 4 depicts the architecture that we assume. A per-nodecrossbar connects local processors to the

network backplane, local memory, and IO subsystems. We assumethat theprocessors,crossbar, andmem-

ory controller all reside on the samedie, as will be typical in near-future system designs. Figure 4 (b)

presentsablock diagram of amemory controller with theproposed AMU delimited within thedottedbox.

Whena processor issuesan AMO instruction, it sends a command message to thetarget address' home

node. When themessagearrivesat the AMU of that node, it is placedin a queue awaiting dispatch. The
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control logic of theAMU exports a READY signal to the queuewhenit is ready to acceptanother request.

Theoperandsare then readand fed to thefunction unit (theFU in Figure4 (b)).

Accessesto synchronization variablesby theAMU exhibit high temporal locality becauseevery partic-

ipating process accesses the same synchronization variable, so our AMU design incorporates a tiny cache.

This cache eliminates the need to load from and write to the off-chip DRAM for each AMO performed

on a particular synchronization variable. Each AMO that hits in the AMU cache takes only two cycles to

complete, regardlessof the number of processors contending for the synchronization variable. An N-word

AMU cachesupports outstanding synchronization operations on N different synchronization variables. In

our current design wemodel afour-word AMU cache. Thehardwarecostof supporting AMOsis negligible.

In a90nm process,theentire AMU consumesapproximately 0.1mm2, which is below 0.06% of thetotal die

areaof ahigh-performancemicroprocessor with an integratedmemory controller.

3.2 Fin e-gr ained Up dates

AMOs operate on coherent data. AMU-generated requestsare sent to the directory controller as�ne -

grained “get” (for reads) or “put” (for writes)requests. The directory controller still maintains coherence

at theblock level. A �ne-grained “get” loads the coherent valueof a word (or a double-word) from local

memory or a processor cache, depending on the state of the block containing the word. The directory

controller changes the state of the block to “shared” and adds the AMU to the list of sharers. Unlike

traditional datasharers, the AMU is allowed to modify the word without obtaining exclusive ownership

�rst. TheAMU sendsa � ne-grained “put” requestto the directory controller whenit needs to write a word

back to local memory. When the directory controller receives a put request, it will send a word-update

requestto local memory and every nodethathasacopyof theblock containing theword to beupdated. 1.

To take advantage of �ne -grainedgets/puts,anAMO caninclude a “ test” value that is compared against

the result of theoperation. Whentheresult value matchesthe “test” value, theAMU sendsa “put” request

along with theresult value to thedirectory controller. For instance, the “ test” valueof amo.i nc canbeset

asthetotal number of processesexpectedto reachthebarrier and thentheupdaterequestactsasasignal to

all waitingprocessesthatthebarrier operationhascompleted.

One way to optimize synchronization is to usea write-update protocol on synchronization variables.

However, issuing a block update after each write generatesanenormousamount of network traf� c, which

offsetsthebene� t of eliminating invalidation requests. In contrast,the“put” mechanism issuesword-grained

updates, thereby eliminating falsesharing. For example,amo. inc only issuesupdatesafterthelast process

reachesthebarrier rather thanonceevery timeaprocessreachesthebarrier.

The “get/put” mechanism introducestemporal inconsistency between the barrier variable valuesin the

processor caches and the AMU cache. In essence, the delayed “put” mechanism implements a release

1Fine-grainedªget/putº operationsarepartof amoregeneral DSM architectureweareinvestigating,details of which arebeyond

thescopeof this paper.
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consistent memory model for barrier variables, where the condition of reaching a target value acts asthe

releasepoint.

3.3 Prog r amming with AMOs

With AMOs, atomic operations are performed at the memory controller without invalidating shared

copies in processor caches. In the case of AMO-based barriers, the cached copies of the barrier count

are updated when the �na l process reaches the barrier. Consequently, AMO-based barriers can use the

naive algorithm shown in Figure 1(a) by simply replacing ato mi c inc (& barr ie r var ia ble ) with

amo in c(& barr ie r var ia bl e, numpro cs ) , where amo i nc () is a wrapper function for the

amo. in c instruction.

The amo.f et ch add instruction adds a designated value to a speci�ed memorylocation, updatesthe

shared copies in processor caches with the new value, andreturns the old value. To implement spinlocks

using AMOs, we replacetheatomic primitive fe tc h and add in Figure 2 with thecorresponding AMO

instruction, amo fet ch add( ) . We also useamo f et cha dd() on thecounter to take advantageof the

“put” mechanism. Note that using AMOs eliminates the needto allocate the global variables in different

cache lines. Like ActMsg and MAOs, the time complexity of AMO-based barriersandspinlocks is O(1)

measuredin termsof either network latency and O(N ) in termsof memorycontroller occupancy. However,

AMOshavemuch lowerconstantsthan ActMsgor MAOs,aswil l beapparent fromthedetailed performance

evaluation.

Thevariousarchitectural optimizations further reduce theconstant coef�ci ents.

Usingconventional synchronizationprimitivesoften requiressigni�canteffort fromprogrammerstowrite

correct, ef�cie nt, and deadlock-freeparallel codes.For example, theAlphaArchitectureHandbook [7] ded-

icates six pages to describing theLL/SC instructions and restrictionson their use. On SGI IRIX systems,

several library calls mustbemadebeforeactually calling theatomic op function. To optimizeperformance,

programmersmust tunetheir algorithmsto hide the long latency of memory references. In contrast,AMOs

work in thecachecoherent domain, do not lock any system resources,and eliminate the needfor program-

mersto beawareof how theatomic instructionsare implemented. In addition, we show in Section 4 that

AMOsnegate theneedto usecomplex algorithms such ascombining treebarriersand array-basedqueuing

locks even for fairly largesystems. Sincesynchronization-relatedcodesare often the hardest portion of a

parallel program to code anddebug, simplify ing the programming model is another advantage of AMOs

over othermechanisms.

4 PerformanceEvaluation

4.1 Sim ulatio n Environm ent

Weuseacycle-accurateexecution-drivensimulator, UVSIM, in our performancestudy. UVSIM models a

hypothetical future-generation SGIOrigin architecture, including adirectory-basedcoherenceprotocol [30]
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Parameter Value

Processor 4-issue,48-entryactive list, 2GHz
L1 I-cache 2-way, 32KB, 64B lines,1-cycle latency
L1 D-cache 2-way, 32KB, 32B lines,2-cycle latency
L2 cache 4-way, 2MB, 128B lines,10-cycle latency
Systembus 16B CPUto system, 8B systemto CPU,

max16 outstandingL2C misses,1GHZ
DRAM 1616-bit-dataDDR channels
Hubclock 500 MHz
DRAM 60processor-cycle latency
Network 100 processor-cycle latency per hop

Table 2. System con �guration .

that supports both write-invalidate and �ne -grainedwrite-update, asdescribed in Section 3.2. Each simu-

latednodecontainstwo hypothetical next-generation MIPSmicroprocessorsconnectedto ahigh-bandwidth

bus. Also connected to thebus is a hypothetical future-generation Hub [31], which contains the processor

interface,memory controller, directory controller, network interface, IO interface, andactivememory unit.

Table 2 lists themajor parametersof thesimulatedsystems. TheDRAM backend has16 20-bit channels

connected to DDR DRAMs, which enables us to read an 80-bit burst every two cycles. Of each80-bit

burst, 64 bits are data and the remaining 16 bits are a mix of ECC bits and partial directory state. The

simulated interconnect subsystem is based on SGI's NUMAL ink-4. The interconnect employs a fat-tree

structure,where eachnon-leafrouter haseight children. We model a network hop latency of 50 nsecs(100

cpu cycles). Theminimumnetwork packetis32bytes.

UVSIM directly executes statically linked64-bit MIPS-IV executables andincludesa micro-kernel that

supports all commonsystem calls. UVSIM supports the OpenMP runtime environment. All benchmark

programsused in this paper are OpenMP-based parallel programs. All programs are tuned to optimize

performance on eachmodeled architecture and then compiled using the MIPSpro Compiler 7.3 with an

optimization level of “ -O2”.

We have validatedthe coreof our simulator by setting the con� gurable parameters to match thoseof an

SGI Origin 3000, runninga largemix of benchmark programson both areal Origin 3000 and thesimulator,

and comparingperformancestatistics(e.g., runtime, cachemissrates,etc.). Thesimulator-generated results

areall within 20%of thecorresponding numbersgenerated by therealmachine,mostwithin 5%.

4.2 Benc hmark s and Resu lts

We employ four representative synchronization algorithms (a simple barrier, a combining barrier tree,

ticket locks,and array-based queuing locks) to evaluate theimpact of architectural featuresonsynchroniza-

tion performance. The simple barrier function comesfrom the SGI IRIX OpenMP library. The software

combining treebarrier is basedon thework by Yew et al. [33]. Ticket locks and array-basedqueuing locks

arebasedon thepseudocodegiven in [21].
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Nodes CPUs SpeedupoverLL/SCbarrier
ActMsg Atomic MAO AMO

2 4 0.95 1.15 1.21 2.10
4 8 1.70 1.06 2.70 5.48
8 16 2.00 1.20 3.61 9.11

16 32 2.38 1.36 4.20 15.14
32 64 2.78 1.37 5.14 23.78
64 128 2.74 1.24 8.02 34.74

128 256 2.82 1.23 14.70 61.94

Table 3. Performance of diff erent barri ers.

The starting time of all processes in eachbenchmark are synchronized. The elapsed time of each test

is reportedas the averageover teninvocations of the benchmark, i.e., for P processors the total number of

simulated spinlock acquisition-releasepairs is 10 � P. An empty critical section is usedin the spinlock

experiments.

Weconsider � vedifferent mechanismsfor implementingeachsynchronizationoperation: LL/SC/instructions,

conventionalprocessor-sideatomic instructions(“Atomic”), existingmemory-sideatomicoperations(“MAOs”),

softwareactivemessages(“ActMsg”), andAMOs. TheLL/SC-based versionsareusedas thebaseline. The

AMU cache is used for both MAOs and AMOs. We assumefast user-level interrupts are supported, so

our results for active messagesare somewhat optimistic compared to typical implementations that rely on

OS-level interruptsand threadscheduling.

4.2.1 Non-tr ee-basedbarri ers

Table 3 presents the speedupsof four different barrier implementations compared to conventional LL/SC-

based barriers. A speedup of lessthan one indicates a slowdown. We vary the number of processors from

four (i.e., two nodes)to 256 (128 nodes), themaximumnumberof processorsallowedby thedirectory struc-

ture [30] thatwe model. The ActMsg, Atomic, MAO, andAMO barriers all perform and scale better than

the baseline LL/SCversion. Whenthenumber of processors is greater than8, active messages outperform

LL/SC by a factor 1.70 (8 processors) to 2.82 (256 processors). Atomic instructions outperform LL/SC

by a factor of 1.06to 1.37. Memory-side atomic operationsoutperform LL/SCby a factor of 1.21 at four

processorsto animpressive14.70at256 processors. However, AMO-basedbarrier performancedwarfs that

of all other variants, ranging from a factor of 2.10 at four processors to a factor of 61.94 for 256 processors.

Theraw time for AMOs are 456, 552, 1488, 2272,4672, 6784 and 9216, for 4, 8, 16, 32, 64, 128 and 256

processors, respectively, measuredin clockperiodsof a2GHz CPU.

In thebaseline implementation, each processor loads the barrier variable into its local cache before in-

crementing it using LL/SC instructions. Only oneprocessor succeedsat onetime; other processorsfail and

retry. After a successful updateby a processor, the barrier variable will move to another processor, and

thento another processor, and so on. As the system grows, theaveragelatency to move thebarrier variable

betweenprocessors increases, asdoes the amount of contention. As a result, the synchronization time of

thebaseLL/SC barrier implementation increasesdramatically asthenumber of nodesincreases. Thiseffect
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Figu re 5. Cycles-per -processor of diff erent barriers.

can be seenparticularly clearly in Figure5, which plots theper-processor barrier synchronization time for

eachbarrier implementation.

For theactive messageversion, an active message is sent for every increment operation. The overhead

of invoking the active message handler for each increment operation dwarfs the time required to run the

handler itself. However, thebene� t of eliminating remotememoryaccesses outweighs thehigh invocation

overhead,which results in performancegainsashigh as182%.

Using processor-centric atomic instructions eliminates the failed SC attempts in the baseline version.

However, theperformancegainsarerelatively small becauseprocessor-sideatomicoperationsstill requires

a round trip over thenetwork for every atomic operation, all of which mustbeperformedserially.

MAO-based barriers perform and scale signi� cantly better than barriers implemented using processor-

side atomic instructions. At 256 processors, MAO-based barriers outperform the baseline LL/SC-based

barrier by nearly a factor of 15. This result further demonstrates that putting computation near memory

improvessynchronization performance.

AMO-based barriersarefour timesfaster than MAO-based barriers. Thisperformanceadvantagederives

from the“delayed update” enabled by thetest value mechanism and use of a �ne -grainedupdateprotocol.

Since all processors arespinning on the barrier variable, every local cachelikely hasa shared copy of it.

Thusthetotal cost of sending updates is approximately thetimerequired to senda singleupdatemultiplied

by thenumber of participating processors. Wedo not assumethat thenetwork hasmulticastsupport; AMO

performancewould beevenbetter if thenetwork supportedsuchoperations.

Roughly speaking, thetimeto performan AMO barrier equals(t o + tp � P), whereto is a�x edoverhead,

tp is a smallvalue relatedto theprocessing timeof anamo.in c operation and an updaterequest,and P is

thenumberof processorsbeing synchronized. Thisexpression impliesthatAMO barriersscalewell, i.e., the

total barrier time per processor is constant, which is apparent in Figure 5. In fact, theper-processor latency

drops off slightly as the number of processors increases because the � xed overheadis amortizedby more

processors. In contrast, theper-processor timegrows asthesystemgrows for theother implementations.
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4.2.2 Barr ier performance: a caseof potential mis-estimates

In Section 2.3,we concluded that the time complexity of barriers built using processor-sideatomic instruc-

tions is O(N ), asmeasured in terms of the number of remotememory references. Given this estimate,

we would expect the per-processor time (total time divided by the numberof processors) to be constant.

However, theexperimental resultsvisible in Figure5 clearly contradict thisexpectation. ActMsg, for which

we correctly introduced anextra performance limiti ng parameter (MMC occupancy), also performsworse

thanwhat we projected. Theper-processor barrier time of ActMsg increasesasthenumberof participating

processorsincreases.

The reason for theseunderestimatesof time complexity is that in a non-idealized (real) system, factors

other than network latency and memory controller occupancy can extend the critical path of program ex-

ecution. Such factors includesystembus contention, cache performance, an increase in one-way network

latency as a system grows, queuing delays in the network interface, limited numbersof MSHRs, andre-

transmissionscaused by network interfacebuffer over� ows. At � rstglance,each of theseadditional factors

might appear to be unimportant. However, our simulations reveal that any of them canbe a performance

bottleneckat somepoint in the lif etime of a synchronization operation. Ignoring their accumulative effect

can easily lead one to overestimate thescalabili ty of agiven synchronizationalgorithm.

Up until now, typical synchronization complexity analyseshaveassumedthat remotememoryreferences

can be performedin a constant amount of time. In reality, very few large-scalemultiprocessors support a

full crossbar interconnect, but rather employ on some kind of tree topology. As a result, remote memory

referencesarenot constant, but instead depend onthedistancebetweenthesourceandthedestination nodes.

For example, SGI Origin systems useanoct-treein the intermediate routers betweendifferent nodes. The

cost of one remote memory referenceis no lessthan 2*fl oor( logm (N )) , where m is the factor of the

treeand N is thenumberof nodesthat thesourceanddestinationof themessagespan.

While our measured relative performance of the different barrier implementations did not completely

invalidateour analytical estimates, the disparity betweenreal systemperformanceand analytical extrapo-

lation was signi� cant. Given this experience, we caution against using over-simpli�ed when analyzing the

performanceof synchronization operations. On a complex computer systemsuchasa moderncc-NUMA

multiprocessor, over-simpli� ed system models can leadto incorrect or inaccurateassumptions as to what

factors determine performance. We strongly recommend that researchers and practitioners always perform

a validation check of their analytical performancepredictionswhen possible,preferably through either real

system experimentsor accuratesoftwaresimulation.

4.2.3 Tree-basedbarriers

For all tree-based barriers,weuseatwo-level treestructureregardlessof thenumberof processors. For each

con�gu ration, we try all possible treebranching factors andusetheonethat delivers the best performance.

Theinitialization timeof thetreestructuresis notincluded in thereported results. Thesmallest con�guration

16



CPUs Speedup over LL/SCbarrier
LL/SC+tree ActMsg+tree Atomic+tree MAO+tree AMO+tree AMO

16 1.70 2.41 2.25 2.60 2.59 9.11
32 2.24 2.85 2.62 4.09 4.27 15.14
64 4.22 6.92 5.61 8.37 8.61 23.78

128 5.26 9.02 6.13 12.69 13.74 34.74
256 8.38 14.72 11.22 20.37 22.62 61.94

Table 4. Performance of tree-based barr iers.
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Figure 6. Cycles-p er-process or of tree-based barr iers.

thatweconsider for tree-based barriershas16 processors. Table4 showsthespeedupsof tree-based barriers

over the baseline (�at LL/SC-based) barrier implementation. Figure 6 shows the number of cycles per

processor for the tree-based barriers.

Our simulation results indicate that tree-basedbarriers perform much better and scalemuchbetter than

normal barriers, which concurs with the � ndings of Michael et al. [22]. On a 256-processor system, all

tree-basedbarriersareat leasteight times faster thanthebaselinebarrier implementation. As can beseen in

Figure 6, thenumber of cycles-per-processor for tree-basedbarriers decreasesasthenumber of processors

increases, because the high overhead associatedwith using treesis amortized acrossmoreprocessors and

the treecontainsmorebranches thatcan proceedin parallel.

Thebest branching factor for agivensystemis oftennot intuitive. Markatosetal. [19] demonstrated that

improper use of trees candrastically degrade the performance of tree-based barriers to evenbelow that of

simple � atbarriers. Nonetheless,our simulationresultsdemonstratetheperformancepotential of tree-based

barriers.

Despiteall of their advantages, tree-basedbarriersstill signi�cantly underperforma�at AMO-based bar-

rier implementation for on number of nodes that we study. For instance, the best non-AMO tree-based

barrier (MAO + tree) is threetimesslower thana �at AMO-based barrier on a 256-processor system. In-

terestingly, AMO-basedbarrier treesunderperform �at AMO-basedbarriers in all tested con�gu rations.

AMO-basedbarriers includea large � xedoverhead anda very small number of cyclesper processor. Us-

ing treestructureson AMO-based barriers essentially introducesthe �x ed overhead more than once. The

fact that AMOs alone are better than the combination of AMOs and treesis an indication that AMOs do

not require heroic programming effort to achieve good performance. However, we expect that tree-based

barriersusing AMOs will outperform �at AMO-based barriers if consider systemswith tensof thousands
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CPUs LL/SC ActMsg Atomic MAO AMO
ticket array ticket array ticket array ticket array ticket array

4 1.00 0.48 1.08 0.47 0.92 0.53 1.01 0.57 1.95 1.31
8 1.00 0.58 1.64 0.56 0.94 0.67 1.07 0.59 2.34 2.03

16 1.00 0.60 1.79 0.65 0.93 0.67 1.07 0.62 2.20 2.41
32 1.00 0.62 1.48 0.64 0.94 0.76 1.08 0.65 2.29 2.14
64 1.00 1.42 0.60 1.42 0.80 1.60 0.64 1.49 4.90 5.45

128 1.00 2.40 0.91 2.60 1.21 2.78 1.00 2.69 9.28 9.49
256 1.00 2.71 0.97 2.92 1.22 3.25 0.90 3.13 10.36 10.05

Table 5. Speedu ps of different loc ks over the LL/SC-b ased locks.
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Figure 7. Performance of the diff erent locks

processors. Determining whether or not tree-basedAMO barriers canprovide extra bene�ts on such very

large-scalesystems ispart of our futurework.

4.2.4 Spin locks

Table 5 presents the speedups of the different ticket lock andarray-basedqueuing lock implementations

comparedto LL/SC-basedticketlocks.

Using traditional hardware mechanisms, ticket locks outperform array-based queueing locks when the

system has32 or fewer processors. Array-based queueing locks outperform ticket locksfor larger systems,

which veri� es theeffectivenessof array-basedlocksatalleviating hotspots in larger systems.

AMOs greatly improve the performance of both styles of locks and negatethe performance difference

betweenticket locksandarray-basedlocks. This observation impliesthat if AMOsareavailable wecan use

simple locking mechanisms(ticketlocks) without losingperformance.

On a machine that does not support AMOS, theprogrammercould usethe better of thetwo algorithms

depending on the systemsize to obtain the best performance. Figure 7 plots theperformance of the best-

performing lock implementation (ticket or array) for eachimplementation strategy (LL/SC, atomic, MAOs,

AMOs,or ActMsg) aswevary thenumberof processors. For non-AMO platforms,this translatesintousing

ticket locksfor up to 32 processorsandarray-basedlocks for larger systems.

Figure7 helpsusdifferentiate thebene� tsachievedby providing hardwaresynchronizationsupport from

the bene� ts achievedby the array-basedqueuelock algorithm. In therange of 4 to 32 processors, ActMsg

noticeably outperforms theother conventional implementations. Otherwise,the curvesof the varioustradi-
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tional lock implementations(LL/SC,ActMsg,AtomicandMAOs)track closely despite their vastly different

implementations. This convergencerevealsthat (1) under low contention, the four non-AMO implementa-

tions are similar in ef�cie ncy except for ActMsg, and (2) the superiority of array-based locks in larger

systemsderives from thealgorithm itself, rather than from the architectural featuresof the underlying plat-

forms.

Therelativeperformanceof AMO-basedticketlockscomparedto theLL/SCticketlockskeepsincreasing

until it reaches10.36at 256processors. Thus, it appearsthat theperformanceadvantageof AMO locks is a

result of theuniquedesignof AMOs rather than the implementationstrategy.
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Figu re 8. Network traf�c for tic ket loc ks.

A major reason that AMO-based locks outperform the alternativesis the greatly reduced network traf-

�c. Figure 8 shows thenetwork traf�c, normalizedto thebaseline LL/SC version, of different ticket lock

implementations on 128-processor and 256-processor systems. In both systems, AMO-based ticket locks

generate signi�can tly lesstraf� c than other approaches. Interestingly, active message-basedlocks, which

aremotivated by theneedto eliminateremotememory accesses,require morenetwork traf� c than theother

approachesbecausethehigh invocation overhead of themessagehandlers leadsto timeoutsand retransmis-

sionson largesystemswith high contention.

5 Conclusions

To improve synchronization ef�ci ency, we � rst identify and analyze the de�ciencies of conventional

barrier and spinlock implementations. We demonstratehow apparently innocent simplifying assumptions

about thearchitectural factorsthatimpactperformancecanleadto incorrect analytical resultswhenanalyz-

ing synchronization algorithms.Basedontheseobservedproblems, westrongly encouragecompletesystem

experiments, either via in-situ experimentsor highly detailed simulation, whenestimating synchronization

performanceon modern multiprocessors.

To improve synchronization performance,we propose that main memory controllers in multiprocessors

beaugmented tosupport asmall setof activememory operations(AMOs). WedemonstratethatAMO-based

barriers do not require extra spin variables or complicated tree structures to achieve good performance.

We further demonstrate that simple AMO-basedticket locks outperform alternate implementationsusing
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morecomplex algorithms. Finally, we demonstratethat AMO-based synchronization outperforms highly

optimizedconventional implementationsby up to a factor of 62 for barriersanda factor 10 for spinlocks.

In conclusion, wehavedemonstrated thatAMOsovercomemany of thede�cienciesof existing synchro-

nization mechanisms, enable extremely ef�cie nt synchronization at rather low hardware cost, and reduce

the needfor cachecoherence-consciousprogramming. As thenumber of processors, network latency, and

DRAM latency grow, the value of fast synchronization wil l only grow in time, and among the synchro-

nization implementationswestudied, only AMO-basedsynchronizationappearsable to scale suf� ciently to

handle theseupcoming changesin system performance.
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