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Abstract

Budketizedversionsof Cudwoo hashingcan achieve 95—
99%occupancywithoutanyspaceoverheador pointersor
other structues. However, such methodgypically needto
consultmultiple hashbudketsper probe andhavetherefore
beenseenas having worse probe performancethan con-
ventionaltechniquesfor large tables. We considerwork-
loadstypical of databaseand streamprocessingin which
keys and payloadsare small, and in which a large num-
ber of probesare processedn bulk. We showhow to im-
proveprobeperformancey (a) eliminatingbranch instruc-
tions from the probe code enablingbetterschedulingand
latency-hidingby modernprocessos, and (b) using SIMD
instructionsto processmultiple keys/payloadsn parallel.
We showthat on modernarchitectures, probesto a budke-
tizedCudkoo hashtable canbe processedanud fasterthan
corventionalhashtable probes,for both small and large
memory-esidenttables. On a Pentium4, a probeis two to
four timesfaster while on the Cell SPEprocessora probe
is tentimesfaster

1 Intr oduction

Hashingis acommonlyusedtechniqueor providing ac-
cessto databasedon a key in constanexpectedtime. It is
usedin databaseystemdor joins, aggreyation,duplicate-
elimination,andindexing.  Payloadsmay be pointers(or
recordidenti ers) to records,or they may represenvalues
of anaggreyatecomputedusinghashaggreyation.

We use an open addressinghash schemebasedon a
bucketizedversionof d-ary cuckoo hashing4]. We will re-
ferto thisdatastructureasa “splashtable”.! In thisscheme,
probesalwaystakea x ed,constantime,andaccesssmall
x ednumberof cachelines, typically 2, 3, or 4, depending
ontheparametershosen.

I As 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 enhancehe probephaseof
this schemein a way that signi cantly enhancests per
formanceon modernarchitecturedor probing both small
(cacheresidentandlarge (memoryresident)datasets.Our
improvementsrely on two ideas: (a) The use of probe
codethatis free of conditionalbranchesand (b) The use
of Single-InstructiorMultiple-Datastrean{SIMD) instruc-
tionsto procesanultiple keys andpayloadsn parallel. By
avoiding brancheswe 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
wouldbeworsethanastandarégchemdor largehashtables
becauset requiresat leasttwo memoryreferencesA stan-
dardschemaewill typically needjust onereferencdor most
probes.However, modernCPUscansupportmultiple out-
standingmemoryrequestsand independenaiccessesan
be overlapped.While the requiredmemorybandwidthfor
splashtabless doublethatof astandardashtable,memory
bandwidthis typically nota performancéottleneck. Over
lappingof memoryaccessess not possiblefor conventional
hashmethod$ecauséatermemoryaccessearedependent
on the state(suchasthe addres®of the over ow bucket) of
earliermemoryaccesses.

Zukowski et al. [12] have alsousedcuckoo hashingto
improve probeperformance.Their work is similar to ours
in thatit attemptsto remove branchoperationsn orderto
improvetheoverallnumberof cyclesperinstruction.How-
ever, therearesereralsigni 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-residentables. In-
steadthey proposea partitioningstepthat dividesthe data
into cache-sizednits. In contrastpourproberesultsscaleto
RAM-sizedtableswithout partitioning. (c) Our evaluation
includesa modernarchitecturgthe Cell SPE)thatdoesnot
provide out-of-orderexecution.(d) [12] doesnotuseSIMD
instructions.(e) [12] doesnotusea universalhashfunction.

Dietzfelbingerand Weidling proposeandanalyzea dif-
ferentbucketizedextensionof cuckoo hashing3]; themea-
suredprobecostin theirimplementatioron a Pentiumé4 is



approximatelyl900cycles/probdor alargetable,anorder
of magnitudenoreexpensvethantheresultsachiesedhere.

We evaluatesplashtableson several modernarchitec-
tures.Our primary platformsarea Pentium4 machineand
the Synegistic Processindgelement(SPE)of the Cell Pro-
cessorf6]. A Cell chip containseightindependenSPEs,
eachof which hasa 256KB local storewith a 6 cycle la-
teng. The Cell chip alsocontainsa corventionalPoverPC
core. The SPEscanbe seenasspecializedorocessorshat
canbeusedto acceleratéasksthatmapwell to their SIMD
design.For example,basedon the presentstudy the SPEs
could be usedto of oad (from the conventionalPonverPC
processoon the Cell chip) dimensiontablelookupsfor a
foreignkey join with alargefacttable. We will alsoexam-
ine probeperformancen the Cell PoverPCprocessgrand
onanAMD Opteronprocessar

Our proberesults(Section3) shov improvementsover
corventionalhashtables,for both small and large tables,
on severalmodernarchitecturesPerformancémprovesby
a factor of 2 to 4 on a Pentium4, and by a factorof 10
onacCell SPE. In applicationswheretherearemary more
probesthan insertions(such as databasgoins where one
typically builds a hashtableon the smallerrelation)the net
resultis a signi cant performancémprovement.

2 Outline of the Approach

We shall assumehat both keys andpayloadsare 32 bit
values.Longerkeys and/orpayloadsarediscussedn [10].
We assumehatthe hashtable containsno duplicatekeys
andthatzerois notavalid payloadvalue.

We usemultiplicative hashingwhichis universal[2], ef-

ciently computablg11], andamenabléo vectorizationso
thatwe cancomputemultiple hashfunctionsat once. We
do not requirethatthe tablesize be a power of 2; arbitrary
tablessizesare handledef ciently , without the useof ex-
pensve division or modulusoperationg10].

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

Whenthetableis closeto full, thesystenmayencounter
akey whoseH candidatebucketsareall full. In thatcase,
we follow a reinsertionprocedurg5]. Choosea bucket b
atrandomfrom amongthe candidatesiemove the key that
had beeninsertedearliestfrom that bucket, and placethe
originalkey in b. Theremovedkey is theninsertednto one
of its H — 1 remainingcandidatebuckets. If all of these
arefull, the procesds repeatedecursvely. If, aftersome

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

largenumbe? of recursve insertionsthereis still noroom
for thekey, thenthebuild operatiorfails. Onecantypically
achieve very high spaceutilization (95-99%)without en-
counteringaninsertionfailure [4, 10]. Hashbucketsthat
arenot full arepaddedwith recordshaving a zeropayload.

Given a hashtable constructechsabove, a probeneeds
to computeH hashfunctionsand consultH slots of the
hashtable. For eachslot, onecompare®achof theB keys
againstthe searchkey for eachslot, andreturnthe payload
of a matchif one was found. Becausewe always do
thesamenumberof comparisondpop unrolling eliminates
loop branchesvithin the probeoperation.

We canalsoavoid branchmispredictionsn the testfor
a hashmatchby corverting the control dependenginto a
datadependeng A comparisoroperationgenerateamask
thatis eitherall 0's (no match)or all 1's (a match). Such
mask-generatingomparisonsrein the instructionsetsof
modernprocessorsThe maskcanbe appliedto eachof the
payloadswith theresultsORedtogether Sincethereareno
duplicatekeys, atmostoneof thedisjunctswill benonzero.
An unsuccessfuhatchreturnszero.

A hashbucketis organizedasfollows. B keysarestored
contiguouslyfollowedby B contiguouspayloads.This ar
rangementllows us to use SIMD operationsto compare
keysandprocesgayloadsFor example,if a SIMD register
is 128 bits long (asin the Cell SPEandusing SSEon the
Pentium)thenfour keys or four payloadscanbe processed
in parallelusinga singlemachinenstruction.As aresult,a
goodchoicefor B would bea smallmultiple of 4. Further
whenB = 8 thetotal size of a bucket is 64 bytes,which
ts within thetypical L2 cacheline of modernprocessors.
Thustherewould benomorethanH cache-lineaccesses.

A o wchartfor the vectorizedprobealgorithmis given
in Figurel for H = 2 andB = 4, usinggenericSIMD in-
structionghatarecloseto the Pentiums SSE2instructions.
Solidlinesrepresenthe o w of data,usuallyin 128-bitvec-
tors, while dashedines represena memoryreference. If
key K 7 matchegheprobeK , thenthe outputcontaingpay-
load P 7 in the leftmost SIMD slot. Note thatevenif an
invalid key in a partially full bucket accidentallymatches
the hashprobe,the correspondingpayloadis zeroandthe
matchwill notaffecttheresult.

3 Experimental Results

We focus on the performanceof the probealgorithms.
For a comparisorof thebuild times,see[10]. We have im-
plementedhe variousprobealgorithmsin C. On the Pen-
tium 4 we uselntel'sicc compiler (version9.0), which
generatedslightly more ef cient codethangcc. On the
Cell, we usedIBM's xlc compiler (version050418y)for
the SPE.Maximumoptimizationwasemployed.

3We use a value of 1000 as the limit for our experiments.
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We implementedan open addressinghashtable with
guadratigprobing,andchained-bicket hashingwith bucket
size S setto 64 bytes. This codecontainsno architecture-
speci ¢ optimizations,and compileson both the Pentium
4 andthe Cell SPE.Unlessotherwisementionedbothhash
tablevariantsarepopulatedvith aloadfactorof 0.75. Table
sizeis setto a power of two, sothata logical AND opera-
tion (ratherthana remaindercomputation)can be usedto
calculatethe hashslot.

Thetwo othercodeversionsaresplashtableprobesm-
plementedcasdescribedn Section2. Oneof theseversions
usesSPE-speci cSIMD instructions,while the otheruses
Pentium-4-speci cSSEZ2instructions.In both casesthese
instructionswereinvoked usingcompilerintrinsics. When
thetablesize ts in 16 bits, specializedrersionsof thehash
and proberoutinesare usedto save several instructions.
Sincethe local storeof the SPEis limited to 256KB, we
limit the sizeof tablesusedon the Cell SPE.AIl codevari-
antsusemultiplicative hashing.

The Cell SPEcodeis evaluatedusing IBM' s spusim ,
which simulatesthe Cell SPEarchitectureandis closeto
cycle-accurate spusim allows oneto determinehow cy-
cleswere spentduring programexecution. For validation
purposeswe alsomeasuréheperformancef coderunning
ona?2.4GHzIBM Cell blade.The Pentium4 codeis runon
a 1.8 GHz Pentium4 that is usedsolely for theseexperi-
ments.Themachinerunslinux 2.6.10andhasa 256KB L2
cachean8KB L1 datacacheand1GB of RAM. We mea-
suredthe L2 lateng, L1 lateng, and TLB misslateng of
themachineusingthe calibratortool [7]; they were273,17,
and56 cyclesrespectiely. During codeexecutionwe mea-
suredthe valuesof hardware performancecountersusing
the perfctr  tool [9]. The branchmispredictionpenalty
of the Pentiumis assumedo be 20 cycles. (It is 18 cycles
onthe Cell SPE[6].)

Whenpresentingour resultson the Pentium,we will be
interestedo know the effectsof cachemissespranchmis-
predictions,andTLB misseson the nal numberof cycles
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Figure 2. Chained-b ucket hashing: Pentium.

needed.We multiply the countsfor theseevents(obtained
usingtheperformanceountershy thelatenciesnentioned
above. While this givesa reasonablyaccuratemeasureof

theimpactof branchmispredictionsit canoverestimate¢he

impact of cachemissesand TLB missesbecausga) they

canbeoverlappedvith otherwork, includingothermisses,
and (b) multiple referencedo the samecache-linemay be

agged asa missmultiple timeseventhougha single miss
penaltyis paid. As aresultof this overestimationit mayap-
pearasthoughtheaggreyatel 2 cachemisspenaltyexceeds
the total executiontime, an obviously inconsistentresult.
Neverthelessit is very dif cult to measurehe overlapping
and overcountingeffects mentionedabove to get a better
estimate.We thereforeincludethe resultsin this overesti-
matedform, with the understandinghat the true impactis

somefraction of the plottednumberof cycles.

We measurall Pentium4 performancenumbersin cy-
cles. The Cell SPEis designedo operateat frequencies
between3 and5 GHz [6]. Thusit is reasonabléo assume
thata cycle on an SPEis roughly the sameamountof time
asacycle onthemostrecentPentium4 models.

Our performanceresults measurea large number of
probesin atight loop, simulating(part of) the probephase
of a hashjoin. The numberof probesis large enoughthat
probecostsdominatethe initialization overheads.For the
genericcode,we interleave probesthatare successfulith
probesthat are unsuccessful.Splashtable performancds
not sensitve to whetheror notthe searchis successful.

The x-axes of some gures shav the total data struc-
ture size. This choicemakesit easyto seetransitionsthat
happenwhen the table size goesbeyond milestonessuch
asthe cachecapacity Splashtablescan t more entries
into a x edamountof memorythanhashtables[4]. Thus,
comparingthetwo methodsat a givendatastructuresizeis
someavhatbiasedn favor of hashtables.

To achieve goodprobeperformancewe have optimized
theprobephaseof onehashalgorithmsothat(a) it doesnot
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Figure 3. Splash tables: Pentium.

useconditionalbranchesand(b) it usesSIMD instructions.
To be fair, we shouldtry to usethe sameoptimizationsto
improve the performanceof competingalgorithms. When
we attemptedthesetransformationson corventionalhash
algorithms the performancevorsened10].

3.1 Pentium

Figure2 shavsthe performanc€measuredn cyclesper
probe)of chained-hickethashingon the Pentium4. For ta-
blesthat t comfortablyin theL2 cachetheperformancés
betweerl08and135cycles/probeHowever, oncethehash
tableexceedghel 2 cachesizeof 256KB (whichis alsothe
TLB capacity)the costincreasesdramatically exceeding
500 cycles/probe. The branchmispredictionpenaltydoes
not seemto dependon the table size. For L2-cacheresi-
denttables,the branchmispredictionpenaltyaccountsor
about20% of the total cycles. The numberof instructions
retiredperprobefor theseexperimentsavas55, independent
of hashtablesize. Theperformancef quadratigrobingis
slightly betterthanchained-bickethashingor smalltables,
but substantiallyworsefor largetables[10].

Figure 3 shawvs the performanceof a splashtable with
B = 4 andH = 2 onthePentium4. (See[10] for other
valuesof B andH.) The L2 cachemiss measuremens
anomalousandshouldbeignored? For tablesthat t com-
fortably in the L2 cache,the performances between45
and 63 cycles/probe. Once the splashtable exceedsthe
L2/TLB capacitythe costincreasesnodestly to about100
cycles/probefor a 64MB table. The branchmisprediction
penaltyis essentiallyzero,andis not shawvn in the gure.
The numberof instructionsretired per probefor theseex-
perimentsvas27 whenthetablesize ts in 16 bits,and33
for largertablesizes.

It 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 and 3 is dramatic: a
factorof two for smalltables,anda factorof four for large
tables. The improvementis attributableto several factors:
(a) Eliminating the branchmispredictionpenalty; (b) Re-
ducingthenumberof instructionsneedegerprobethrough
the useof loop unrolling and SIMD operations;(c) Over-
lapping multiple cachemisses becausedhe elimination of
branchingallows the CPU to betterschedulemultiple de-
pendenyg chainsthroughthe instructionpipeline.

For tablessmallerthanthe L2 cache,the time perfor
manceof splashtablesis comparabléo the performancef
a 10% full hashtable,while the hashtable uses9.5 times
asmuchspacg10]. However, for tableslargerthanthe L2
cachesplashtablesperformaboutthreetimesbetter[10].

The numberof cyclesperprobein [12] appearsmaller
thanwhat is presentecherefor L1-cacheresidenttables.
However, [12] is measuringa probemethodthat doesless
work. In particular the probereturnswhenit hastheindex
of the matchingrecordratherthanthe valueof the payload
itself, anda non-universalhashfunctionis used.

3.2 Cell

Figure 4 compareghe total numberof cyclestaken by
a splashtablewith H = 2;B = 4, andthe two hashing
methodson the Cell SPE. Sincethe SPEhasno caching
mechanismthe performances not sensitve to the hashta-
ble size. The con guration shovn correspondso a splash
table of size128KB, anda hashtable of size 155KB con-
taining the samenumberof entries. (Recallthat the SPE
hasonly 256KB of local memory) Thetotal numberof in-
structionsper probefor the splashtableis 29, comparable
to thatfor the Pentium.These29 instructionsare executed
in 20.5cyclesaccordingto the simulator Whenrun onan
actualCell SPEprocessarthe time takenwas21.1cycles
per probe. The SPEhastwo executionpipelinesthat can
executememory operationsin parallel with computation.
About half of the useful cycles were spentexecutingtwo
instructions(“dual cycle” in the gure). The20.5cycles
for the splashtableis anorderof magnitudebetterthanthe
250cyclesneededor the hashtable.

The chained-hicket hashtable neededl125 cycles per
probe, double that of the Pentium. The Cell SPE has
very simplebranch-predictiodogic that (in the absencef
compilergeneratedhints) predictsthata conditionalbranch
will not succeed.The SPEthereforesuffers a highermis-
predictionpenaltythanthe Pentium,ascanbe seenin Fig-
ure4. The nal componenbf the time takenfor the hash
table is the dependengrelatedstalls. Becausethe code
brancheoften, it effectively becomes singledependeng
chain. In contrastthe splashtableimplementatiorallows
thecompilerto interleave instructionsrom severalconsec-
utive probes.Becausesachprobeis independentthereare
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far fewer dependeng-inducedstalls. The quadraticprob-
ing resultsaresimilar to thosefor chained-bickethashing.
It appearghat on corventionalcode suchas chained-
bucket hashingthe Pentium4 outperformsa Cell SPEby a
factorof two (assuminghe sameclock frequeng). Yet for
specializedcodesuchasthe splashtable codethat is free
of branchesthe SPEoutperformghe Pentiumd by afactor
of 3.5. For an explanationof why thesearchitecturehave
suchcontrastingperformancesharacteristicssee[10].

3.3 Other Architectures

We examine whetherthe nice scaling resultsdemon-
stratedor a1.8 GHz Pentiumd in Section3.1holdfor other
architecturesFigure5 shavs theresultsfor two Pentium4
machinesthe Cell Pawer processingelement(PPE),and
an AMD Opteron. The PPEcodewascompiledusingthe
IBM xlc compilerversionl.0,while the Opteronrunsthe
samecodeasthe Pentiumsgeneratedisingicc . Thever-
tical scaleshavstheprobecostasa fractionof thememory
lateng. (Memorylatenciesaremeasuredsingthe Calibra-
tortool [7].) If thisfractionis lessthan1, it meanghatthe
amortizedtime for a probeis lessthanthe lateng of anL2
cachemiss. For tablesmuchlargerthanthe L2 cache this
numbercanbelessthanl only if thereis signi cant overlap
of memorylateng with otherwork/lateng.

For both Pentiumsandthe Cell PPE,the ratio is about
0.5for almostall of the memoryrange.Eachprobeincurs
two cachemissesmeaningthatthe systemtypically hasat
leastfour memoryreferenced ight atthesametime. The
ratio for the Opteronis someavhathigher, duein partto its
low memorylateng thatmeanghatotherpartsof thecom-
putationhave a largerrelative impacton the overalltime.

4 Conclusions

Pastwork hasshowvn that extensionsof cuckoo hashing
canachiese good spaceutilization. However, it hastypi-
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Figure 5. Probe cost + memory latency.

cally beenassumedhat theseschemegerformno better
than (and probably worse than) corventional hashtables
sincethey requireadditionalmemoryreferencesand hash
evaluations. The main contrikution of the presentwork is
to shav thatonecanachieve bothsuperiorspaceutilization
andsuperiorprobetime for bulk probesof small keys and
payloadsfor smallor largetables.

References

[1] IA-32 Intel Architecture Software Developer’s Manual, Vol-
ume 3: System Programming Guide, Septembe005.

[2] M. Dietzfelbinger T. Hagerup,J. K. Jainen,and M. Pent-
tonen. A reliablerandomizedalgorithmfor the closestpair
problem.J. Algorithms, 25(1):19-511997.

[3] M. Dietzfelbingerand C. Weidling. Balancedallocation
anddictionarieswith tightly pacled constantsizebins. In
ICALP, pagedl66-1782005.Extendedsersionavailableat

http://www.tu-ilmenau.de/fakia/md-papers.html.

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

[5] D. Fotakisetal. Spaceefcient hashtableswith worstcase
constanficcessime. Theory Comput. Syst., 38(2):229-248,
2005.

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

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

[8] R.PaghandF. F. Rodler Cuclkoo hashing.J. Algorithms,
51(2):122-1442004.

[9] M.  Pettersson. Perfctr

(version 2.6.18).

http://user.it.uu.se/ mikpe/linux/perfctr/.

[10] K. A. Ross. Efcient hash probeson modern proces-
sors. IBM ResearciReportRC24100,2006. Available at
http://domino.vatson.ibm.com/library/CyberDig.nsf.

[11] M. Thorup. Even strongly universalhashingis pretty fast.
In SODA, pages496-497 2000.

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



