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Abstract

Bucketizedversionsof Cuckoo hashingcanachieve95–
99%occupancy, withoutanyspaceoverheadfor pointersor
other structures. However, such methodstypically needto
consultmultiplehashbucketsperprobe, andhavetherefore
beenseenas having worse probe performancethan con-
ventionaltechniquesfor large tables. We considerwork-
loadstypical of databaseand streamprocessing, in which
keys and payloadsare small, and in which a large num-
ber of probesare processedin bulk. We showhow to im-
proveprobeperformanceby(a) eliminatingbranch instruc-
tions from the probecode, enablingbetterschedulingand
latency-hidingby modernprocessors, and (b) usingSIMD
instructionsto processmultiple keys/payloadsin parallel.
We showthat on modernarchitectures,probesto a bucke-
tizedCuckoo hashtablecanbeprocessedmuch fasterthan
conventionalhashtable probes,for both small and large
memory-residenttables.On a Pentium4, a probeis two to
four timesfaster, while on theCell SPEprocessora probe
is tentimesfaster.

1 Intr oduction

Hashingis acommonlyusedtechniquefor providing ac-
cessto databasedon a key in constantexpectedtime. It is
usedin databasesystemsfor joins, aggregation,duplicate-
elimination,andindexing. Payloadsmaybepointers(or
recordidenti�ers) to records,or they mayrepresentvalues
of anaggregatecomputedusinghashaggregation.

We use an open addressinghashschemebasedon a
bucketizedversionof d-arycuckoohashing[4]. Wewill re-
fer to thisdatastructureasa“splashtable”.1 In thisscheme,
probesalwaystakea�x ed,constanttime,andaccessasmall
�x ednumberof cachelines,typically 2, 3, or 4, depending
on theparameterschosen.

1As one entry is dropped into a hash bucket, it may cause another entry
to “splash” into another bucket. (We propose a new name to be able to refer
to it concisely, and to distinguish it from other Cuckoo hashing variants.)

Our main contribution is to enhancetheprobephaseof
this schemein a way that signi�cantly enhancesits per-
formanceon modernarchitecturesfor probing both small
(cacheresident)andlarge(memoryresident)datasets.Our
improvementsrely on two ideas: (a) The use of probe
codethat is free of conditionalbranches,and(b) The use
of Single-InstructionMultiple-Datastream(SIMD) instruc-
tionsto processmultiple keys andpayloadsin parallel. By
avoiding branches,we not only avoid branchmispredic-
tions,but we alsoallow more�e xibile instructionschedul-
ing, leadingto a higherdegreeof overlappingof latencies.

At �rst glance, it appearsthat Cuckoo-basedhashing
wouldbeworsethanastandardschemefor largehashtables
becauseit requiresat leasttwo memoryreferences.A stan-
dardschemewill typically needjust onereferencefor most
probes.However, modernCPUscansupportmultiple out-
standingmemoryrequests,and independentaccessescan
be overlapped.While the requiredmemorybandwidthfor
splashtablesisdoublethatof astandardhashtable,memory
bandwidthis typically nota performancebottleneck.Over-
lappingof memoryaccessesis notpossiblefor conventional
hashmethodsbecauselatermemoryaccessesaredependent
on thestate(suchastheaddressof theover�ow bucket) of
earliermemoryaccesses.

Zukowski et al. [12] have alsousedcuckoo hashingto
improve probeperformance.Their work is similar to ours
in that it attemptsto remove branchoperationsin orderto
improvetheoverallnumberof cyclesperinstruction.How-
ever, thereareseveralsigni�cant differences:(a)Theirwork
builds on [8] ratherthan [4], meaningthat the spaceuti-
lization is abouthalf as good. (b) They do not demon-
stratethat probesscalebeyond cache-residenttables. In-
stead,they proposea partitioningstepthatdividesthedata
into cache-sizedunits. In contrast,ourproberesultsscaleto
RAM-sizedtableswithout partitioning. (c) Our evaluation
includesamodernarchitecture(theCell SPE)thatdoesnot
provideout-of-orderexecution.(d) [12] doesnotuseSIMD
instructions.(e) [12] doesnotuseauniversalhashfunction.

DietzfelbingerandWeidling proposeandanalyzea dif-
ferentbucketizedextensionof cuckoohashing[3]; themea-
suredprobecostin their implementationon a Pentium4 is



approximately1900cycles/probefor a largetable,anorder
of magnitudemoreexpensivethantheresultsachievedhere.

We evaluatesplashtableson several modernarchitec-
tures.Our primaryplatformsarea Pentium4 machine,and
theSynergistic ProcessingElement(SPE)of the Cell Pro-
cessor[6]. A Cell chip containseight independentSPEs,
eachof which hasa 256KB local storewith a 6 cycle la-
tency. TheCell chip alsocontainsa conventionalPowerPC
core. The SPEscanbe seenasspecializedprocessorsthat
canbeusedto acceleratetasksthatmapwell to theirSIMD
design.For example,basedon thepresentstudy, theSPEs
could be usedto of�oad (from the conventionalPowerPC
processoron the Cell chip) dimensiontable lookupsfor a
foreignkey join with a largefacttable.We will alsoexam-
ineprobeperformanceon theCell PowerPCprocessor, and
onanAMD Opteronprocessor.

Our proberesults(Section3) show improvementsover
conventionalhashtables,for both small and large tables,
on severalmodernarchitectures.Performanceimprovesby
a factor of 2 to 4 on a Pentium4, and by a factor of 10
on a Cell SPE. In applicationswheretherearemany more
probesthan insertions(suchas databasejoins whereone
typically buildsa hashtableon thesmallerrelation)thenet
resultis a signi�cant performanceimprovement.

2 Outline of the Approach

We shall assumethatbothkeys andpayloadsare32 bit
values.Longerkeys and/orpayloadsarediscussedin [10].
We assumethat thehashtablecontainsno duplicatekeys2

andthatzerois nota valid payloadvalue.
Weusemultiplicativehashing,whichis universal[2], ef-

�ciently computable[11], andamenableto vectorization,so
that we cancomputemultiple hashfunctionsat once. We
do not requirethat thetablesizebea power of 2; arbitrary
tablessizesarehandledef�ciently , without the useof ex-
pensivedivisionor modulusoperations[10].

The build processis essentiallythe sameas that de-
scribedby Erlingssonet al [4]. A key is hashedaccord-
ing to H hashfunctions,leadingto H possiblelocationsin
the tablefor thatkey. Eachlocationis a bucket capableof
holdingB entries.

Whenthetableis closeto full, thesystemmayencounter
a key whoseH candidatebucketsareall full. In thatcase,
we follow a reinsertionprocedure[5]. Choosea bucket b
at randomfrom amongthecandidates,remove thekey that
hadbeeninsertedearliestfrom that bucket, andplacethe
originalkey in b. Theremovedkey is theninsertedinto one
of its H − 1 remainingcandidatebuckets. If all of these
arefull, the processis repeatedrecursively. If, after some

2Duplicate keys can be handled by making the payload be a pointer to
a list of records with that key value.

largenumber3 of recursive insertions,thereis still no room
for thekey, thenthebuild operationfails. Onecantypically
achieve very high spaceutilization (95–99%)without en-
counteringan insertionfailure [4, 10]. Hashbucketsthat
arenot full arepaddedwith recordshaving a zeropayload.

Given a hashtableconstructedasabove, a probeneeds
to computeH hashfunctionsand consultH slots of the
hashtable.For eachslot,onecompareseachof theB keys
againstthesearchkey for eachslot, andreturnthepayload
of a matchif one was found. Becausewe always do
thesamenumberof comparisons,loopunrollingeliminates
loopbrancheswithin theprobeoperation.

We canalsoavoid branchmispredictionsin the testfor
a hashmatchby converting the control dependency into a
datadependency. A comparisonoperationgeneratesamask
that is eitherall 0's (no match)or all 1's (a match). Such
mask-generatingcomparisonsarein the instructionsetsof
modernprocessors.Themaskcanbeappliedto eachof the
payloads,with theresultsORedtogether. Sincethereareno
duplicatekeys,atmostoneof thedisjunctswill benonzero.
An unsuccessfulmatchreturnszero.

A hashbucket is organizedasfollows. B keysarestored
contiguously, followedby B contiguouspayloads.This ar-
rangementallows us to useSIMD operationsto compare
keysandprocesspayloads.For example,if aSIMD register
is 128 bits long (asin the Cell SPEandusingSSEon the
Pentium)thenfour keys or four payloadscanbeprocessed
in parallelusinga singlemachineinstruction.As a result,a
goodchoicefor B would bea smallmultiple of 4. Further,
whenB = 8 the total sizeof a bucket is 64 bytes,which
�ts within the typical L2 cacheline of modernprocessors.
Thustherewould benomorethanH cache-lineaccesses.

A �o wchartfor thevectorizedprobealgorithmis given
in Figure1 for H = 2 andB = 4, usinggenericSIMD in-
structionsthatarecloseto thePentium'sSSE2instructions.
Solidlinesrepresentthe�o w of data,usuallyin 128-bitvec-
tors, while dashedlines representa memoryreference.If
key K 7 matchestheprobeK , thentheoutputcontainspay-
load P7 in the leftmost SIMD slot. Note that even if an
invalid key in a partially full bucket accidentallymatches
the hashprobe,the correspondingpayloadis zeroandthe
matchwill notaffect theresult.

3 Experimental Results

We focuson the performanceof the probealgorithms.
For a comparisonof thebuild times,see[10]. We have im-
plementedthe variousprobealgorithmsin C. On the Pen-
tium 4 we useIntel's icc compiler (version9.0), which
generatedslightly more ef�cient codethan gcc . On the
Cell, we usedIBM' s xlc compiler (version050418y)for
theSPE.Maximumoptimizationwasemployed.

3We use a value of 1000 as the limit for our experiments.
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Figure 1. Probe �o wchar t (K7 matc hes K).

We implementedan open addressinghash table with
quadraticprobing,andchained-buckethashingwith bucket
sizeS setto 64 bytes. This codecontainsno architecture-
speci�c optimizations,andcompileson both the Pentium
4 andtheCell SPE.Unlessotherwisementioned,bothhash
tablevariantsarepopulatedwith aloadfactorof 0.75.Table
sizeis setto a power of two, so thata logical AND opera-
tion (ratherthana remaindercomputation)canbe usedto
calculatethehashslot.

Thetwo othercodeversionsaresplashtableprobesim-
plementedasdescribedin Section2. Oneof theseversions
usesSPE-speci�cSIMD instructions,while theotheruses
Pentium-4-speci�cSSE2instructions.In bothcases,these
instructionswereinvokedusingcompilerintrinsics. When
thetablesize�ts in 16bits,specializedversionsof thehash
and probe routinesare usedto save several instructions.
Sincethe local storeof the SPEis limited to 256KB, we
limit thesizeof tablesusedon theCell SPE.All codevari-
antsusemultiplicativehashing.

The Cell SPEcodeis evaluatedusingIBM' s spusim ,
which simulatesthe Cell SPEarchitecture,andis closeto
cycle-accurate.spusim allows oneto determinehow cy-
cleswerespentduring programexecution. For validation
purposes,wealsomeasuretheperformanceof coderunning
ona2.4GHzIBM Cell blade.ThePentium4 codeis runon
a 1.8 GHz Pentium4 that is usedsolely for theseexperi-
ments.Themachinerunslinux 2.6.10andhasa 256KBL2
cache,an8KB L1 datacache,and1GB of RAM. We mea-
suredtheL2 latency, L1 latency, andTLB misslatency of
themachineusingthecalibratortool [7]; they were273,17,
and56cyclesrespectively. Duringcodeexecutionwemea-
suredthe valuesof hardwareperformancecountersusing
the perfctr tool [9]. The branchmispredictionpenalty
of thePentiumis assumedto be20 cycles. (It is 18 cycles
on theCell SPE[6].)

Whenpresentingour resultson thePentium,we will be
interestedto know theeffectsof cachemisses,branchmis-
predictions,andTLB misseson the �nal numberof cycles
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Figure 2. Chained­b ucket hashing: Pentium.

needed.We multiply thecountsfor theseevents(obtained
usingtheperformancecounters)by thelatenciesmentioned
above. While this givesa reasonablyaccuratemeasureof
theimpactof branchmispredictions,it canoverestimatethe
impactof cachemissesandTLB missesbecause(a) they
canbeoverlappedwith otherwork, includingothermisses,
and(b) multiple referencesto thesamecache-linemay be
�agged asa missmultiple timeseventhougha singlemiss
penaltyis paid.As aresultof thisoverestimation,it mayap-
pearasthoughtheaggregateL2 cachemisspenaltyexceeds
the total executiontime, an obviously inconsistentresult.
Nevertheless,it is very dif�cult to measuretheoverlapping
and overcountingeffects mentionedabove to get a better
estimate.We thereforeincludethe resultsin this overesti-
matedform, with theunderstandingthat the true impactis
somefractionof theplottednumberof cycles.

We measureall Pentium4 performancenumbersin cy-
cles. The Cell SPEis designedto operateat frequencies
between3 and5 GHz [6]. Thusit is reasonableto assume
thata cycle on anSPEis roughlythesameamountof time
asacycleon themostrecentPentium4 models.

Our performanceresults measurea large number of
probesin a tight loop, simulating(partof) theprobephase
of a hashjoin. The numberof probesis largeenoughthat
probecostsdominatethe initialization overheads.For the
genericcode,we interleave probesthataresuccessfulwith
probesthat areunsuccessful.Splashtableperformanceis
not sensitive to whetheror not thesearchis successful.

The x-axes of some�gures show the total datastruc-
ture size. This choicemakesit easyto seetransitionsthat
happenwhen the table size goesbeyond milestonessuch
as the cachecapacity. Splashtablescan �t more entries
into a �x edamountof memorythanhashtables[4]. Thus,
comparingthetwo methodsat a givendatastructuresizeis
somewhatbiasedin favor of hashtables.

To achieve goodprobeperformance,we have optimized
theprobephaseof onehashalgorithmsothat(a) it doesnot
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useconditionalbranches,and(b) it usesSIMD instructions.
To be fair, we shouldtry to usethe sameoptimizationsto
improve the performanceof competingalgorithms. When
we attemptedthesetransformationson conventionalhash
algorithms,theperformanceworsened[10].

3.1 Pentium

Figure2 showstheperformance(measuredin cyclesper
probe)of chained-buckethashingon thePentium4. For ta-
blesthat�t comfortablyin theL2 cache,theperformanceis
between108and135cycles/probe.However, oncethehash
tableexceedstheL2 cachesizeof 256KB(whichis alsothe
TLB capacity)the cost increasesdramatically, exceeding
500 cycles/probe.The branchmispredictionpenaltydoes
not seemto dependon the tablesize. For L2-cacheresi-
denttables,the branchmispredictionpenaltyaccountsfor
about20% of the total cycles. Thenumberof instructions
retiredperprobefor theseexperimentswas55,independent
of hashtablesize. Theperformanceof quadraticprobingis
slightly betterthanchained-buckethashingfor smalltables,
but substantiallyworsefor largetables[10].

Figure3 shows the performanceof a splashtablewith
B = 4 andH = 2 on the Pentium4. (See[10] for other
valuesof B andH .) The L2 cachemissmeasurementis
anomalous,andshouldbeignored.4 For tablesthat�t com-
fortably in the L2 cache,the performanceis between45
and 63 cycles/probe. Once the splashtable exceedsthe
L2/TLB capacitythecostincreasesmodestly, to about100
cycles/probefor a 64MB table. The branchmisprediction
penaltyis essentiallyzero,andis not shown in the �gure.
The numberof instructionsretiredper probefor theseex-
perimentswas27 whenthetablesize�ts in 16 bits,and33
for largertablesizes.

4It appears that the Pentium 4 cache-miss performance counter has a
design flaw that causes it to ignore certain kinds of L2 misses [1], including
the kind encountered in this code.

The differencebetweenFigures2 and3 is dramatic: a
factorof two for small tables,anda factorof four for large
tables. The improvementis attributableto several factors:
(a) Eliminating the branchmispredictionpenalty; (b) Re-
ducingthenumberof instructionsneededperprobethrough
the useof loop unrolling andSIMD operations;(c) Over-
lappingmultiple cachemisses,becausethe eliminationof
branchingallows the CPU to betterschedulemultiple de-
pendency chainsthroughtheinstructionpipeline.

For tablessmallerthan the L2 cache,the time perfor-
manceof splashtablesis comparableto theperformanceof
a 10% full hashtable,while the hashtableuses9.5 times
asmuchspace[10]. However, for tableslargerthantheL2
cache,splashtablesperformaboutthreetimesbetter[10].

Thenumberof cyclesperprobein [12] appearssmaller
than what is presentedhere for L1-cacheresidenttables.
However, [12] is measuringa probemethodthat doesless
work. In particular, theprobereturnswhenit hastheindex
of thematchingrecordratherthanthevalueof thepayload
itself, anda non-universalhashfunctionis used.

3.2 Cell

Figure4 comparesthe total numberof cycles taken by
a splashtablewith H = 2; B = 4, and the two hashing
methodson the Cell SPE.Sincethe SPEhasno caching
mechanism,theperformanceis not sensitive to thehashta-
ble size. Thecon�guration shown correspondsto a splash
tableof size128KB, anda hashtableof size155KB con-
taining the samenumberof entries. (Recall that the SPE
hasonly 256KB of local memory.) Thetotal numberof in-
structionsper probefor the splashtableis 29, comparable
to that for thePentium.These29 instructionsareexecuted
in 20.5cyclesaccordingto thesimulator. Whenrun on an
actualCell SPEprocessor, the time taken was21.1cycles
per probe. The SPEhastwo executionpipelinesthat can
executememoryoperationsin parallel with computation.
About half of the useful cycleswere spentexecutingtwo
instructions(“dual cycle” in the �gure). The 20.5cycles
for thesplashtableis anorderof magnitudebetterthanthe
250cyclesneededfor thehashtable.

The chained-bucket hashtable needed125 cycles per
probe, double that of the Pentium. The Cell SPE has
very simplebranch-predictionlogic that (in theabsenceof
compiler-generatedhints)predictsthataconditionalbranch
will not succeed.The SPEthereforesuffersa highermis-
predictionpenaltythanthePentium,ascanbeseenin Fig-
ure 4. The �nal componentof the time taken for thehash
table is the dependency-relatedstalls. Becausethe code
branchesoften, it effectively becomesa singledependency
chain. In contrast,thesplashtableimplementationallows
thecompilerto interleave instructionsfrom severalconsec-
utive probes.Becauseeachprobeis independent,thereare
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far fewer dependency-inducedstalls. Thequadraticprob-
ing resultsaresimilar to thosefor chained-buckethashing.

It appearsthat on conventionalcodesuchas chained-
buckethashing,thePentium4 outperformsa Cell SPEby a
factorof two (assumingthesameclock frequency). Yet for
specializedcodesuchas the splashtablecodethat is free
of branches,theSPEoutperformsthePentium4 by a factor
of 3.5. For anexplanationof why thesearchitectureshave
suchcontrastingperformancecharacteristics,see[10].

3.3 Other Ar chitectures

We examine whether the nice scaling resultsdemon-
stratedfor a1.8GHzPentium4 in Section3.1holdfor other
architectures.Figure5 shows theresultsfor two Pentium4
machines,the Cell Power processingelement(PPE),and
an AMD Opteron. The PPEcodewascompiledusingthe
IBM xlc compilerversion1.0,while theOpteronrunsthe
samecodeasthePentiums,generatedusingicc . Thever-
tical scaleshowstheprobecostasa fractionof thememory
latency. (MemorylatenciesaremeasuredusingtheCalibra-
tor tool [7].) If this fractionis lessthan1, it meansthatthe
amortizedtime for a probeis lessthanthelatency of anL2
cachemiss. For tablesmuchlarger thantheL2 cache,this
numbercanbelessthan1 only if thereis signi�cant overlap
of memorylatency with otherwork/latency.

For both Pentiumsandthe Cell PPE,the ratio is about
0.5 for almostall of thememoryrange.Eachprobeincurs
two cachemisses,meaningthat thesystemtypically hasat
leastfour memoryreferencesin �ight at thesametime. The
ratio for theOpteronis somewhathigher, duein part to its
low memorylatency thatmeansthatotherpartsof thecom-
putationhavea largerrelative impacton theoverall time.

4 Conclusions

Pastwork hasshown thatextensionsof cuckoo hashing
canachieve goodspaceutilization. However, it hastypi-
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cally beenassumedthat theseschemesperform no better
than (and probablyworse than) conventionalhashtables
sincethey requireadditionalmemoryreferencesandhash
evaluations.The main contribution of the presentwork is
to show thatonecanachievebothsuperiorspaceutilization
andsuperiorprobetime for bulk probesof small keys and
payloads,for smallor largetables.

References

[1] IA-32 Intel Architecture Software Developer’s Manual, Vol-
ume 3: System Programming Guide, September2005.

[2] M. Dietzfelbinger, T. Hagerup,J. K. Jainen,andM. Pent-
tonen. A reliablerandomizedalgorithmfor theclosestpair
problem.J. Algorithms, 25(1):19–51,1997.

[3] M. Dietzfelbingerand C. Weidling. Balancedallocation
anddictionarieswith tightly packed constantsizebins. In
ICALP, pages166–178,2005.Extendedversionavailableat
http://www.tu-ilmenau.de/fakia/md-papers.html.

[4] U. Erlingssonet al. A cool andpracticalalternative to tra-
ditonal hashtables. In Workshop on Distributed Data and
Structures, 2006.

[5] D. Fotakiset al. Spaceef�cient hashtableswith worstcase
constantaccesstime. Theory Comput. Syst., 38(2):229–248,
2005.

[6] J. A. Kahle et al. Introductionto the cell multiprocessor.
IBM Journal of Research and Development, 49(4/5),2005.

[7] S. Manegold. The calibrator: a cache-memoryand
TLB calibration tool. (version 0.9e). Available from
http://homepages.cwi.nl/˜manegold, 2004.

[8] R. PaghandF. F. Rodler. Cuckoo hashing. J. Algorithms,
51(2):122–144,2004.

[9] M. Pettersson. Perfctr (version 2.6.18).
http://user.it.uu.se/˜mikpe/linux/perfctr/.

[10] K. A. Ross. Ef�cient hash probes on modern proces-
sors. IBM ResearchReportRC24100,2006. Availableat
http://domino.watson.ibm.com/library/CyberDig.nsf.

[11] M. Thorup. Even stronglyuniversalhashingis pretty fast.
In SODA, pages496–497,2000.

[12] M. Zukowski et al. Architecture-conscioushashing. In
Workshop on Data Management on New Hardware, 2006.


